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Abstract 
A study on a number of different polyurethane (PUR) elastomer materials based on 
different polyester soft segments has been carried out. The soft segments (Mn = 2000) 
were varied, both in tenns of chemical structure and content. The emphasis of the study 
has been put on polycaprolactone (PCL) soft segments based on seven different initiator 
diols, but a homologous series of polyadipate soft segments was also investigated (based 
on ethyleneglycol, butanediol and hexanediol). The materials were characterised by 
means of DSC, DMTA, WAXD, SAXS, density and tear strength measurements and 
tensile testing. Additionally, the morphology of one material was characterised by means 
of TEM and PFM (pulsed Force Microscopy). The most significant difference between 
the soft segments is a more or less strong tendency towards soft segment crystallisation. 
Soft segment crystallinity influences hardness, translucency, tear strength and other 
tensile properties. In general, polyadipate-based PURs exhibit much more soft segment 
crystallinity than PCL-based PURs. They also crystallise significantly faster. 
In the case of different PCL-based PURs, the initiator moiety had a strong influence on 
the tendency towards soft segment crystallinity, especially when higher soft segment 
contents were employed. The initiator also influences other properties, most notably tear 
strength (several 100% difference in some results), translucency, Young's modulus and 
hardness. It is inferred that stereochemical features may suppress, or promote, strain-
induced crystallisation and have therefore a strong effect on some properties. Strain-
induced crystallisation has been shown to occur in some of the materials as well, and it is 
inferred that strain crystallisation properties and kinetics have a strong influence on the 
failure mechanism and mechanical properties of the above materials when high strain 
rates are employed. 
A DSC quenching study has been carried out in order to elucidate the origins and reasons 
behind two endothennic transitions between 70°C and 200°C, labelled TI and T2. TI 
could be shown to involve intersegmental mixing, which is in disagreement with the 
results of some other researchers. Additionally, DMTA results indicate a similarity 
between TI and a conventional T g. T2 also involves intersegmental mixing which is in 
good agreement with other researchers' findings. A quenching study also revealed that the 
investigated materials do not follow a number of empirical models, such as the 
FoxlWood equation or a linear model. 
The TEM, PFM and SAXS results indicate a highly complex morphology with micron-
sized globular structures, smaller sub-structures (50 - 100nm) and nanodomains (10 - 15 
nm). 
Keywords: Polyurethane, elastomers, polycaprolactone soft segments, polyadipates, 
phase-separated morphology, endothermic transitions, soft segment crystallinity, tear 
strength 
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Chapter 1: Introduction 
1.1. Introduction 
Since their invention in the early 1930sl, polyurethanes have been shown to be one of the 
most versatile groups of materials, covering a vast range of applications. This is due to 
the immense quantity of combination possibilities of raw materials with different 
physical, chemical and morphological properties. Hence, virtually any material from soft 
and rigid foams, to adhesives, coatings and fibres, to soft and rigid bulk materials, can be 
made from polyurethane. Therefore, polyurethanes have been established among the fast 
growing industries and their world-wide consumption was 6.9 million tonnes in 1996 and 
of7.5 million tonnes in 1998. This consumption is expected to grow by 5% annually until 
20032,3,4. 
Polyurethanes can be made via several chemical reactions, among which the reaction of a 
diisocyanate with a primary or secondary polyfunctional alcohol is the most commonly 
used. In practice, the diisocyanate component is, in most cases, a low molecular weight 
aliphatic or aromatic component, which is usually in chemical excess and is reacted with 
a higher molecular weight alcohol component. The resulting isocyanate end-capped 
macromolecules are then extended ("cross-linked") by means of a short chain primary 
diol or diamine. Often, both reactions are carried out simultaneously. This leads to a 
unique structure, in which the isocyanate-extender fragments phase segregate from the 
high molecular weight soft segment fragments, developing rigid hard segment 
micro domains which can be of a crystalline, paracrystalline or glassy nature, whereas the 
high molecular weight (polyol) components form a soft and (in most cases preferably) 
amorphous matrix. Herein, the hard segment microdomains react both as a filler and a 
physical cross-linker, hence reinforcing the overall structure, yielding a unique range of 
material properties. 
Of particular interest in this work are the structure-property relationships between the soft 
segments and the final properties of the polyurethanes. Nowadays, soft segment polyols 
are generally distinguished in two groups, the polyether polyols and the polyester polyols. 
Here, virtually any structural combination is possible: one may vary the type of standard 
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repeat unit (ether unit, alcohol or carboxylic acid unit). Additionally, molecular weight 
can be altered, side chains may be introduced, random and block copolymers may be used 
etc .. This has led to a vast range of commercially available polyols, including even such 
exotic materials as fatty acid polyols for extreme hydrolysis resistant coating 
applications5 and multi-functional polythiols for optical applications6• 
More recently the range of standard polyester types, which comprise about 10% of the 
overall polyol market, has been enlarged by the introduction of polycaprolactone polyols, 
which are made by a ring-opening polyaddition mechanism of E-caprolactone with a 
short-chain multi-functional aIcohof. This reaction type puts far less wear on material 
and equipment which are used in production and does not yield to any condensation 
products. Hence, polyols are obtained which can be tailor-made for certain applications 
by strictly controlling molecular weight and distribution, by-products and remaining 
monomer and catalyst residues. Thus, polyurethanes with better hydrolysis resistance, 
lower density, improved resilience properties and cold flexibility are obtained.7 
Caprolactone monomer and polycaprolactone polyols are commercially produced by 
three main manufacturers world-wide: Dow Chemicals (since merging with Union 
Carbide Prod.), Solvay Interox Ltd. and Daicel. Generally speaking, these three 
manufacturers supply the markets on their respective continents, Dow Chemical 
Company. for the American market, Solvay Interox Ltd. for the European market and 
Daicel for the Asian market. Polycaprolactones are commercially produced in a range of 
Mn from 500 to 8000, a functionality of 2 to 4, and polydispersities as low as 1.2. They 
are mainly used as soft segments in polyester polyurethanes. The subsequent 
polyurethanes are used in applications like TPUs (thermoplastic polyurethanes), cast 
elastomers for tyres, wheels and rolls, microcellular systems for footwear and automotive 
applications, adhesives, elastomeric fibres and coatings for a wide range of further 
applications8• 
Of particular interest in this work are the structure-property relationships between 
polyurethane materials based on different polycaprolactone polyols with particular 
emphasis on cast elastomer systems and their mechanical properties such as tear strength, 
modulus, density and tensile testing properties, and the factors which affect them. 
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Additionally, the morphological features of the materials such as soft segment 
crystallinity, degree of intersegmental mixing, connectivity, microdomain sizes, overall 
morphology and the factors which influence them are of particular interest. 
Additional soft segments were also investigated, such as a series of po lyadi pates based on 
different linear aliphatic diols. 
1.2. Objectives 
The objectives of this work are to gain a further understanding of the structure-property 
relationships of phase segregated linear polyurethane systems based on a series of 
polycaprolactones and a series of polyadipate polyols. Of particular interest are 
mechanical properties where polycaprolactone-based polyurethanes show significant 
advantages over similar polyester polyol based products. These advantages are claimed to 
be increased tear strength, improved cold flexibility and a lower density. Morphological 
properties of interest include microdomain size, long range and short range order and 
phase connectivity. 
The practical work plan included the preparation of several series of polyurethanes based 
on different soft segments, namely: 
1) Seven different PCL soft segments based on different initiator moieties 
2) Three different polyester soft segment based on adipic acid and a series oflinear diols. 
The testing procedures to elucidate differences in structure-property relationships include 
mechanical testing (tensile properties and tear strength), thermal and thermomechanical 
analysis techniques (modulated-temperature differential scanning calorimetry (M-TDSC), 
dynamic mechanical thermal analysis (DMTA», spectroscopy (wide-angle X-ray 
diffraction (W AXD), small-angle X-ray scattering (SAXS) and W AXD under strain) and 
microscopy (transmission electron microscopy (TEM) and pulsed force microscopy 
(PFM». 
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Chapter 2: Literature Review 
2.1. Polyurethanes 
2.1.1. General background 
Urethanes are materials containing the chemical linkage: 
Figure 2.1: Urethane linkage 
o 
11 
-N-C-O-
I 
H 
This was first reported back in 1848 and was associated with Wurtz, the discoverer of 
isocyanates9. Polyurethanes are materials containing this linkage in the repeat unit 
regardless of the constitution of rests of the adjacent molecule. They were invented in the 
early 193051 in Germany, and at the same time research concerning the use of 
diisocyanates for polymers started in the United States and the United Kingdom, leading 
to the approval of first patents in 194210,11,12. They did not gain major commercial 
importance before the end of World War n. 
The gradual growth into the widespread use of polyurethanes nowadays started with the 
establishing of the manufacture ofVulcollan type castable polyurethane elastomers in the 
beginning of the 1950s13. With the introduction of flexible urethane foams, which 
combined high strength at low densities, the former price disadvantages were overcome 
and the first large-scale commercial use of polyurethanes was established in the middle of 
the 1950S14• This invention saw the introduction of poly ether polyols based on propylene 
oxide, partially replacing the formerly used significantly more expensive polyester 
polyols. Since then, the use of polyether polyols outweighs by far the use of polyester 
polyols. This is not only due to economic but also to technical reasons. Nowadays, about 
10% of the world-wide polyol consumption consists of polyester polyols. Further 
research has extended the use of polyurethanes into an extremely broad range of 
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applications, from plastics to elastomers, to rigid and flexible foams, to coatings, 
adhesives and fibres3• 
2.1.2. Isocyanate chemistry 
Urethanes can be made via different types of reactions. For instance, by reacting 
chloroformic esters with diamines or carbamic esters with diols: 
Figure 2.2: Urethane synthesis reactions without isocyanate 
R'NH2 + CICOOR - R'NHCOOR + HCI 
ROH + ZOOCNHR"- ROOCNHR" + ZOH 
However, the most common type of reaction to synthesise polyurethanes is the reaction of 
a diisocyanate with a bi- or multi-functional alcohol: 
Figure 2.3: Polyurethane synthesis using diisocyanates 
-RNCO + -R'OH 
--
-RNHCOOR'-
2.1.2.1. Reactions of the isocyanate group 
The formerly mentioned type of reaction is based on the ability of the isocyanate group to 
react with chemical compounds containing active hydrogen atoms. The resonance 
structures of isocyanate group leave the carbon atom with a partially positive charge, thus 
making it susceptible to nucleophilic attack15 : 
Figure 2.4: Resonance structures of the isocyanate group 
- + 
-N-C=O ..... o---.~ -N=C=O + ..... --., .. ~ --N=C-O 
This opens up the possibility for several other reactions relevant to the polyurethane 
technology: 
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a) The reaction of isocyanates with amines, resulting in the formation of asymmetric 
ureas 
b) The reaction of isocyanates with carboxylic acids, resulting in the formation of an 
amide with the release of carbon dioxide 
c) The reaction of isocyanates with water, resulting in the formation of an unstable 
carbamic acid, which reacts further forming an amide and releasing carbon dioxide. 
By reacting with another isocyanate, a symmetrical urea develops. 
Figure 2.5: Isocyanate reactions with compounds containing reactive 
hydrogen atoms relevant to polyurethane technology 
-RNCO + -R'NH2 -- -RNHCONHR'- (a) 
-RNCO + -R'COOH - -RNHCOR'- + CO2 (b) 
-RNCO + Hp - -{RNHCOOH] --RNH2 + CO2 ~o -RNHCONHR- (c) 
Reactions (b) and (c) are particularly relevant for foamed products with the carbon 
dioxide effectively acting as a foaming agent. 
Further reactions may occur during the formation of a polyurethane when an isocyanate 
reacts with already formed urethane, urea or amide groups, hence leading to branching or 
crosslinking via the development of allophanates, biurets or acylureas, respectively. 
Figure 2.6: Branching and crosslinking reactions in polyurethanes 
-RNCO + -RNHCOO R'- --RNCOOR'-
I 
-RNCO+ 
CONHR-
-RNHCONH R'- - -RNCONHR'-
I 
CONHR-
-RNCO + -RNHCOR'- - -RNCOR'-
I 
CONHR-
Allophanate 
Biuret 
Acylurea 
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The reactivity of isocyanates and their reaction partners depends on the nature of the 
suhstituents. Generally speaking, electronegative substituents close to the isocyanate 
group increase the electrophilic character of the carbon atom in the isocyanate group, 
hence increasing the reactivity of the isocyanate. Equally, aromatic isocyanates tend to 
have a higher reactivity than aliphatic isocyanates. As for the reactivity of the active 
hydrogen compound, electrophilic substituents increase their nucleophilic character, 
hence increasing their reactivityl4. Steric hindrance on either reaction compound will 
decrease the reactivity of the respective reactant. This explains the strong decrease of 
reactivity from a primary alcohol or amine to a secondary alcohol or amine to a tertiary 
alcohol. The amine compounds are generally more reactive. 
A further important group of isocyanate reactions relevant to the polyurethane chemistry 
consists of self-addition reactions. These may, given the appropriate conditions, lead to 
dimerised, trimerised or polymeric structures. 
Figure 2.7: Dimerisation of the isocyanate group 
o 
11 
C 
I \ 
2 RN CO - R-N N-R 
\ I 
C 
11 
o 
The dimerisation reaction is important to the polyurethane technology for two reasons. 
Firstly, because it is used for the blockage of isocyanate groups in order to control their 
reactivity. The dimerised uretidione group is then dissociated by means of heat. Hence, 
the isocyanate becomes available for reaction only at an elevated temperature. Secondly, 
dimerisation can occur during the storage of an isocyanate. This can lead to significant 
changes in reactivity and can be an important factor limiting the shelf life of isocyanates, 
especially when high performance materials are produced. 
Isocyanates can also trimerise, resulting in the formation of isocyanurates. This can lead 
to branching or crosslinking in the final product, as the isocyanurate group is quite stable. 
A great number of both organic and inorganic bases have been found to catalyse this 
7 
3 RN CO 
Figure 2.8: Trimerisation o/the isocyanate group 
o 
11 
R, /C, /R 
7 7 
//c, /C" 
07 0 
R 
Another important reaction is the formation of carbodiimide with the release of carbon 
dioxide. Polycarbodiimides are used as anti-hydrolysis agents in polyester-based 
polyurethanes7• Carbodiimide may then react further with another isocyanate group to 
form uretoneimines. 
Figure 2.9: Carbodiimide and uretoneimine reaction 
2 RN CO - R-N=C=N-R + CO2 
R-N=C=N-R + RNCO -
Certain conditions can cause isocyanates to undergo polymerisation. This generally 
happens at low temperatures under the influence of catalysts. However, polymeric 
isocyanates have not reached any technical significance yet due to their instability at 
higher temperatures. 
Figure 2.10: Polymeric isocyanate 
n RNCO • 
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2.1.3 Polyurethane Intermediates 
Polyurethane elastomers are normally block copolymer systems based on flexible and 
rigid segments in the chain. The flexible segments usually consist of polyether or 
polyester polyols of elevated molecular weight, whereas the hard segments are composed 
of urethane or urea units, normally formed by the reaction of a diisocyanate with a short 
chain diol or diamine. Hence, three basic materials are normally required to build up a 
polyurethane elastomer. These are the diisocyanate (both aromatic and aliphatic 
compounds are commonly used), the polyol compound (usually a polyester or polyether) 
and the chain extender (a short chain diol or diamine). 
2.1.3.1. lsocyanates 
Most isocyanates used in polyurethane technology are difunctional, even though there are 
some polyfunctional products available. The actual number of diisocyanates which have 
gained commercial importance in polyurethane technology is relatively limited. The most 
commonly used diisocyanates are 4,4'-diphenylmethane diisocyanate (MOl) and 2,4/2,6-
toluene diisocyanate (TOI). They are both aromatic diisocyanates. In 1995, there were 
MOl production capacities of 1.8 million tonnes worldwide, against 1.2 million tonnes of 
TOI production capacities3• TOI can be supplied in different isomeric mixtures, the most 
important one being TOI-80 with 80% 2,4- and 20% 2,6-TOI. Also available are a 65/35 
mixture and pure 2,4-isomer. TOI is the preferred choice in the flexible foam sector. MOl 
can also be supplied in different forms and degrees of purity. Among those are different 
polymeric grades and grades containing different amounts of 2,2'- and 2,4'-MOI isomers. 
MOl monomer is preferably used in high performance elastomer materials, whereas 
polymeric grades are used for the production of rigid, but also flexible foam systems 
(Figure 2.11). 
Other important aromatic diisocyanates include 1,S-naphthalene diisocyanate (NOI) (used 
for high performance elastomers), 3,3'-toluene-4,4'-diisocyanate (TOOl), para-phenylene 
diisocyanate (PPOI), 4,6-xylylene diisocyanate (XOI) and 1,1,3,3- and 1,1,4,4-
tetramethylxylylene diisocyanate (m-TMXDI and p-TMXOI) (Figure 2.12). 
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Figure 2.11: MD1 and TD1 
OCN-o-CHzO-NCO 4,4'-Dipheny1rrethane diisocyanate (MDI) 
NCO 
o 2,4- and 2,6-Toluene diisocyanate (IDI) 
NCO 
Figure 2.12: Other important aromatic diisocyanates 
1,5-Naphthalene diisocyanate (NOI) 
NCO 
OCN NCO 3,3'-Toluene-4,4'-diisocyanate (TODI) 
OCN-Q-NCO 
CH3 
para-Phenylene diisocyanate (PPDI) 
OCN 
NCO 
NCO 
CH3 
o 
H3C 
H3C 
4,6-Xylylene diisocyanate (XDI) 
NCO 
CH3 
0 
CH3 
NCO 
m- and p-TetramethyIxylylene 
diisocyanate 
(m-andp- TMXDr) 
AIiphatic or cycIoaliphatic diisocyanates are mainly used in the paints and coatings 
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industries. This is due to the fact that the respective polyurethanes show better UV 
resistance properties. They play a smaller role in the PUR industry as they have been 
shown to be less reactive and more expensive than their aromatic counterparts. Important 
compounds include 1,6-hexamethylene diisocyanate (HO!), 4,4'-dicyclohexylmethane 
diisocyanate (H12MDI), isophorone diisocyanate (IPO!) and 1,4-cyclohexyl diisocyanate 
(CHDI) (Figure 2.13). 
Figure 2.13: Important aliphatic diisocyanates 
1,6-Hexrurethylene diisocyanate (lID!) 
4,4'-Dicyclohexylmethane diisocyanate (H12MD!) 
HhNCO 
H3
C Y lsophorone diisocyanate (IPO!) 
H3C CH2'NCO 
;::::INCO 1,4-~IohexyI diisocyanate (CHD!) 
OCN 
Figure 2.14: Poly/unctional isocyanates 
HC~NCO )3 
CH9 CH, 
OCN CH NCO 
o 0 
NCO NCO 
4,4',4"-Triisocyanate triphenylmethane 
Tetraisocyanate 
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There are also some polyfunctional isocyanates available, they are mainly used in the 
adhesive industry. Examples include 4,4',4"-triisocyanate triphenylmethane and 
tetraisocyanate (Figure 2.14). 
2.1.3.2. Polyols 
The widest variety of polyurethane intermediates can be found among the polyols. Unlike 
isocyanates and chain extenders, there is a huge range of different polyols available. They 
can be distinguished with respect to their chemical structure, molecular weight, molecular 
weight distribution, functional groups (e.g. amino-terminated polyethers3) and 
functionality. 
Most polyols, however, can be classified either as polyether or polyester polyols. The first 
commercially viable polyurethanes were entirely based on polyester polyols. These were 
then partially replaced, first with the introduction of large scale flexible foam production 
in the 1950s, based on poly(propylene glycols). Nowadays, polyether polyols comprise 
about 90% of the polyol market. 
2.1.3.2.1. Polyether Polyols 
Usually they are based on an aliphatic chemical backbone and hydroxy-terminated, their 
molecular weight ranges between 250 and 10000. Hereby, 600-2000 is typical for 
elastomer synthesis. Their functionality lies in between 1 and 816• 
Typical polyether polyols include poly(ethylene oxide) glycols, poly(propylene oxide) 
glycols and poly(tetramethylene oxide) glycols. In practise, polyethylene oxide is 
nonnally copolymerised with polypropylene oxide in order to overcome the strong 
hydrophilic character of polyethylene oxide and to avoid the undesired "cold hardening" 
phenomenon. Apart from these products there is a wide range of modified products 
available, such as so called "polymer polyols" (a polyether polyol containing stable 
dispersions of polyvinyl fillers), polyurea-modified polyols (PHD), pipa polyols 
(containing dispersed polyurethane particles) and amine-terminated polyethers. Typical 
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polyether polyols can be seen in Figure 2.15. 
Generally, they are made via a basic ring opening of ethylene oxide, propylene oxide or 
tetrahydrofuran, but it is also possible to apply acidic catalysts16• The functionality of the 
desired product can be controlled by choosing the appropriate initiator. Typical initiators 
include water, ethylene glycol, diethylene glycol, propylene glycol and dipropylene glycol 
for difunctional products, glycerine and trimethylolpropane for trifunctional products, 
ethylenediamine, toluenediamine, pentaerythritol for tetrafunctional products. For higher 
functional products, diethylene triamine, sorbitol and sucrose are employed16• 
Figure 2.15: Typical polyether polyols 
Poly(ethylene oxide) glycol (PEG) 
Poly(propylene oxide) glycol (PPG) 
Poly(tetramethylene oxide) glycol (PTMG) 
2.1.3.2.2. Polyester Polyols 
Polyester polyols were the first polyols to be used when polyurethanes were introduced 
commercially. Nowadays, they are used far less than polyether polyols and only in 
applications where their higher price is justified by desired material properties which 
cannot be obtained with polyether polyols. Their molecular weight lies in the range of 
400 to 6000, and their hydroxyl number lie in between 28 and 300 mg KOHlg 3. Most of 
them are linear or only slightly branched products. 
Most of them are made via a polycondensation reaction of a hydroxyl component with an 
organic acid. The most important hydroxyl components are ethylene glycol, diethylene 
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glycol, triethylene glycol, 1,2-propylene glycol, dipropylene glycol. Other important diols 
include 1,4-butane diol, 1,6-hexane diol, neopentyl glycol and 1,3-butane diol. Higher 
functional components include trimethylol propane, trimethylolethane, glycerine and 
pentaerythritol. The most important acid compound precursor is adipic acid, but there are 
also products based on phthalic acid, so-called GSA acids (glutaric/succinic/adipic acid 
mixtures) and recycled or waste raw material products such as poly( ethylene 
terephthalate) or dimethylterephthalate, the latter being used for rigid foam 
manufacture I 6. 
In the processes of making the aforementioned polyester polyols, fairly harsh conditions 
are applied to remove the water which is set free during the condensation reaction. 
Especially during the later part of the reaction, when large quantities of the acid 
component have already reacted, the reaction rate decreases significantly. High 
temperatures (up to 230°C)3, high vacuum (down to 0.005 bar)3,16 or the use of an inert 
gas (either nitrogen or carbon dioxide)3, are necessary to remove the water from the 
reaction mixture. Another less popular, but more gentle, process includes the use of an 
inert solvent like toluene or xylene to remove the water by means of the development of 
an azeotropic mixture. Its use is, however, restricted as some diol components are also 
likely to develop azeotropic mixtures3. Another disadvantage of these processes include 
the acid catalysis which favours reorganisations, ring-closures and transesterifications, 
which leads generally to a fairly high molecular weight distribution (polydispersities > 2). 
Additionally, the acid number has to be reduced after the reaction to prevent the reverse 
reaction (hydrolysis) taking place during storage. Occasionally, esterification catalysts are 
used, but they might lead to problems if they also catalyse the polyurethane reaction3. 
A typical example of a polyester polyol can be seen in Figure 2.16. 
Figure 2.16: Example of a polyester polyol (polyalkylene adipate) 
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2.1.3.2.3. Polycaprolactone Polyols 
In the I 960s, polyester polyols based on E-caprolactone were commercially introduced17. 
There are different mechanisms to polymerise E-caprolactone (anionic, cationic and 
coordination polymerisation), but the mechanism relevant for polyurethane chemistry 
includes anionic polymerisation. Here, the polymerisation occurs by means of a ring-
opening mechanism initiated by a nucleophilic agent. This is usually a polyfunctional 
alcohol, examples include diethylene glycol, 1,4-butane diol and neopentyl glycol for 
difunctional polycaprolactone polyols, but also trimethylol propane and pentaerythritol 
are employed for tri- and tetrafunctional products, respectively. The reaction occurs 
rapidly without high levels of catalysts and leads to products with polydispersities as low 
as 1.2. Another advantage of this reaction is that it does not involve the release of 
condensation products. The polymerisation mechanism can be seen below8• 
Figure 2.17: Anionic polymerisation of s-caprolactone 
ON'!", 
• 
.. 
nO 
• 
Prop. 
The three world main suppliers are Dow Chemicals in the US, Daicel in Japan and 
Solvay Interox in the UK. Available products include polyols in the range of a molecular 
weight of 250 to 10000 and functionalities between I and 6. As can be seen from the 
above polymerisation reaction, it is also possible to apply hydroxyl tenninated polymers 
as initiator, which leads to block copolymers. The structural fonnula for a typical 
polycaprolactone polyol, initiated with neopentyl glycol can be seen in Figure 2.18. 
Polyurethanes based on polycaprolactones have advantages over polyurethanes based on 
common polyester polyols, such as enhanced hydrolytic stability, improved tear strength 
and lower density. Additionally, they are less prone to cold hardening. 
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Figure 2.18: Standard CAPA ® (Solvay Interox) polycaprolactone polyol 
2.1.3.2.4. Polycarbonate Polyols 
Another class of polyols consists of so-called polycarbonate polyols. Essentially, they are 
made either via a polycondensation route, using phosgene and diols or via a 
transesterification route using a ester of carbonic acid (e.g. diethylene carbonate) and 
diols. Polyurethanes based on polycarbonate polyols are generally considered to be less 
susceptible to hydrolysis, but they are also more expensive and show disadvantages at 
lower temperatures. A typical example can be seen below. 
Figure 2.19: Poly(hexamethylene carbonate) polyol 
o 
H~O-+CH~O-g~O-+CH~OH 
2.1.3.2.5. Other Polyols 
More recently, additional classes of polyols have been introduced as a basis for 
polyurethanes. Polyols based on polybutadiene lead to polyurethanes with excellent 
resistance to hydrolysis and good low and high temperature properties18.19. Polyester 
polyols with a fluorocarbon backbone have been developed to improve chemical 
resistance of polyurethanes. Other research has been going into directions of polyols 
based on poly(isobutylene)2o and poly(siloxanes)21 to improve resistance to hydrolysis 
and oxidation. Here, the latter are used in foams. Recently, polyols based on renewable 
raw materials have been finding more and more access into commercial applications. 
They are based on fatty acids and show excellent hydrolysis resistance, even to strong 
bases and acids. Applications include coatings5, TPUs22 and rigid foams23 . 
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2.1.3.3. Chain extenders and crosslinking agents 
Similarly to the group of isocyanates there is only a small number of commercially 
important chain extenders or crosslinking agents. Chain extenders are difunctional 
products, whereas crosslinking agents have higher functionalities. Important diols are 
1,4-butanediol, ethylene glycol, 1,6-hexanediol, 1,4-cyciohexane dimethanol and 
hydroquinone bis(2-hydroxyethyl) ether (HQEE). An important hydroxyl-based 
crosslinking agent is trimethylolpropane. The structural formulae of these can be seen 
below. 
Figure 2.20: Hydroxyl functional chain extenders and crosslinkers for 
polyurethanes 
HO-CH-CH 
2 I 2 
HO-CH-CH 
2 I 
HO-CH-CH 2 2 
1,4· Butanedio1 
Ethylene glycol 
1,6-Hexanediol 
1,4-Cyc1ohexane dimethanol 
Hydroquinone bis(hydroxyethyl) ether 
Trimethylol propane 
Amine chain extenders and crosslinkers generally show higher reactivity due to their 
more basic character. Important amine chain extenders and cross1inkers are 3,5-
diethyitoluene 2,4-/2,6-diamine (DETDA), ethylene diamine, 4,4'-methylenebis(3-chloro-
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2,6-diethyl aniline) (M-CDEA) and 4,4'-methylenebis(ortho-chloroaniline) (MOCA). The 
latter, however, has been shown to have carcinogenic potential. Usually, electrophilic 
substituents (e.g. chlorine) or substituents imposing steric hindrance onto the amine 
group are introduced into the molecule to reduce the reactivity of the amine group. 
Figure 2.21: Amine chain extenders used in polyurethane synthesis 
2.1.4. Polyurethane Synthesis 
3,5-Diethyltoluene 2,4-/2,6-diamine (DETDA) 
C2H5 
Ethylenediamine 
4,4'-Methylenebis(3-chloro-2,6-diethyl aniline) 
(M-CDEA) 
4,4 '-Methylenebis( ortho-chloroaniline) (MOCA) 
Generally, there are two methods of making polyurethanes. Firstly, the so-called one-shot 
process and secondly, the two-shot or prepolymer process. 
2.1.4.1. The one-shot process 
This process involves the mixing and reacting of all three components, the polyol, the 
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isocyanate and the chain extender or crosslinker at the same time. This method usually 
requires good control of mixing, temperature and catalysis, as several different reactions 
occur simultaneously. In practice, the polyol and the chain extender/crosslinker are 
thoroughly mixed and dried, before adding the isocyanate. As both reactions of the 
isocyanate occur at the same time, the obtained structure is more random and less 
ordered. Examples of this method are Reaction Injection Moulding (RIM) of structural 
foams and extrusion of TPUs. Problems can occur when polyol and chain extender differ 
significantly in reactivity, for example when amines are used as the extender component. 
A schematic representation of the one-shot process can be seen below: 
Figure 2.22: Schematic representation of the one-shot process 
Polyol Diisocyanate Chain extender (Diol) 
! 
Polyurethane 
2.1.4.2. The prepolymer process 
The prepolymer process typically occurs in two steps. In a first step, the polyol 
component is reacted with an excess of isocyanate until the reaction is complete. This 
leads an isocyanate end-capped so-called prepolymer, which often still contains large 
quantities of unreacted monomeric isocyanate. This prepolymer (usually a highly viscous 
liquid), is then subsequently mixed/reacted with the chain extender or crosslinker, hence 
transforming the prepolymer into a high molecular weight polymer. Advantages of this 
method include the possibility of making prepolymers not containing volatile free 
isocyanate: a statistical control of end groups can be easily achieved and a more regular 
segmented structure. Moreover, the reaction is easier to control and great differences in 
reactivity between polyol and chain extender do not lead to further problems. 
Applications include most elastomers and almost all polyurethaneureas. A schematic 
representation of the prepolymer process can be seen in Figure 2.23. 
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Figure 2.23: Schematic representation of the Prepolymer Process 
Diisocyanate Polyol Diisocyanate 
o j 0 
OCN-B~~O~OJL~-BNCO 
+H2@H2 
Chain Extender (Diamine) 
Prepolymer 
Polyurethaneurea 
+H@H 
Chain Extender (DioJ) 
Polyurethane 
2.1.5. Classification of polyurethanes 
As already mentioned, polyurethanes can assume a multitude of different properties. 
Hence, they can easily be fitted to a multitude of different applications and processing 
techniques. They can be discriminated as shown in Figure 2.24. 
2.2. Structure-properly relationships in polyurethanes 
2.2.1. Introduction 
The wide variety of available reactants (isocyanates, polyols, extenders) enables the 
industry to create a vast number of polyurethane products with a very diverse range of 
properties. This number is even increased by the ability of the isocyanate group to 
undergo a significant number of different reactions, hence creating many different 
chemical structures. Hence, many morphological and material properties are obtained. 
Additionally, process characteristics and conditions may have a significant influence on 
the properties of a polyurethane product. This chapter gives an overview of all factors 
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influencing the properties of a finished polyurethane. 
Figure 2.24: Forms o!po[yurethani 
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foams foams surfaces PUR 
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Rigid Thenno- Textile, capsules 
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leather Semi-rigid Cavity filling foams elastomers 
foams coatings H Gels packaging 
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structural rubber mineral 
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2.2.2. Remarks about the segmented structures of 
polyurethanes 
The first polyurethanes obtained by the reaction of a diol with a diisocyanate had 
properties similar to polyamides14 and were unsegmented polyurethanes. Nowadays a 
large number of polyurethanes have a segmented structure. The exception to this are 
some products in the classes of highly crosslinked rigid foams and some highly 
cross linked coatings3• 
These segmented polyurethanes are block copolymers, usually obtained by the reaction of 
three basic elements, a multi-functional isocyanate, an oligomeric polyol and a chain 
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extender or cross linking compound. These segmented structures are then generally 
believed to assume a heterogenous morphology. Hereby, the long and flexible polyols 
aggregate within a soft segment phase, or domains, and are, as such, responsible for the 
elastic properties of the material. The shorter and less flexible hard segments develop 
from the isocyanate and the chain extender compound. Due to their more polar character, 
they are supposed to interact much stronger via hydrogen bonding and dipole-dipole 
interaction. The idealised general structure of a polyurethane block copolymer can be 
seen in Figure 2.25. 
Figure 2.25 Idealised segmented structure of a polyurethane block copolymer 
Soft 
Segment 
• 
Hard 
Segment 
Polyol residue 
Diisocyanate residue 
Chain extender residue 
Urethane group 
The statistical distribution might be less idealised with longer hard segment units, but 
also single diisocyanate units linking two polyol chains3(Figure 2.26). 
Table 2.1 shows the cohesive energIes for various chemical groups occurring in 
polyurethane elastomers. The interactions among the hard segments containing urethane 
and/or urea groups are much stronger than those occurring in the soft segments. Hence, 
hard and soft segments may become thermodynamically incompatible and segregate into 
so-called microdomains24• Here, the stronger interacting hard segment units may then act 
as a pseudo-crosslinked network structure. Hence, the overall physical and mechanical 
properties resemble those of a chemically crosslinked network material. Here, the soft 
segment is considered to be responsible for the elastic and low temperature properties of 
the material, whereas the hard segIllent is supposed to be related to viscous properties, 
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such as hardness and high temperature behaviour7, (hard segments soften at elevated 
temperatures under weakening of the intermolecular forces holding them together), but 
also elastic properties, e.g. the elastic modulus is influenced by character and amount of 
the hard segment and the overall microstructure3o• A schematic structure for the phase-
separated hard and soft segments can be seen in Figure 2.27. 
Figure 2.26: Statistical segmented structure of a polyurethane block 
copolymer 
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Chain extender residue 
Urethane group 
Table 2.1: Empirical cohesion energies of some groups occurring in 
polyurethane elastomers 7 
Chemical Group Cohesive Energy / kJ.mor' 
Methylene - CH2 - 2.8 
Ether- 0- 4.2 
Carbonyl - CO - 11.1 
Ester - CO-O - 12.1 
Phenylene - C6H4 - 16.3 
Amide - CONH - 35.5 
Urethane - OCONH - 36.5 
2.2.3. Structural order within hard segment microdomains 
The structure within the hard segment domains has been subject of extensive 
investigations within the last thirty years. The first paper concerned with this subj ect 
23 
reported that hard microdomains are in a glassy state24 but nowadays researchers state 
that they can also be found to form a bicontinuous networkl99, lamellar structures29, or be 
of a paracrystalline, or even truly crystalline, nature2S-30_ 
Figure 2.27_: Schematic representation of a segmented polyurethane 
structure 
I Hard segments I 
I Soft segments I 
I Hard segments I 
Of great importance are forces related to hydrogen bonding and dipole-dipole 
interactions_ Hydrogen bonding predominantly occurs between the urethane or urea 
groups within the hard segments_ Bonart et aL25,26 were the first to suggest paracrystalline 
structures within the hard segment domains, assuming rod-like, fully-extended structures 
connected via hydrogen bonding_ These might, depending on conditions, even lead to true 
crystallinity_ Blackwell and Gardne~7 did extensive x-ray scattering experiments and 
suggested a three-dimensional secondary structure model for hard segment structures 
based on MD! and l,4-butanedioL Born and Hespe28 developed a similar model for hard 
segment structures based on butanediamine and MOL They suggest a system of so-called 
bifurcated hydrogen bonding between the two nitrogen atoms of a urea group and one 
carbonyl group of the adjacent hard segment chain_ This can be taken as an explanation 
for the higher degree of order within urea-containing hard segment domains and hence 
the higher degrees of phase separation and higher softening temperatures of those_ This 
model also suggests fully extended, planar structures_ More recently, Koberstein and 
Stein29 suggested a new model for the hard segment microdomain structure of both a 
MDIIBDO and a TDIlEG hard segment_ This model takes into account the fact that the 
lengths of hard segments follow a distribution probability depending on the stochiometry 
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of the system. Additionally, flexibility within the hard segments is assumed to pennit a 
certain degree of coiling within the hard segments. From their SAXS results, they also 
infer that extended hard segment sections fold back into the microdomains, thus 
pennitting a smaller microdomain size and more efficient packing. A later studyO based 
on their model suggests a "critical hard segment length" (expressed in e.g. MDI-units) 
below which a hard segment section will not segregate and will remain dissolved in the 
soft segment phase and above which the chains will actually coil and fold back into the 
hard segment microdomain. Hence, the domain thickness is restricted to the shortest 
phase-separated hard segment section. 
There are, however, other factors apart from hydrogen bonding which influence the order 
and stability of a given hard segment domain, such as the degree of phase separation, 
which, in turn, depends on the chemical composition of both the soft and the hard 
segments, the synthesis procedure and thennal conditions, molecular weight and its 
distribution of both hard and soft segments. These factors in turn may then influence the 
properties of the interfaces between hard and soft segments. 
2.2.4 The effect of the hard segment 
Apart from the chemical composition of a hard segment (the effect of which will be 
discussed later) the most important features detennining the properties of a polyurethane 
are the hard segment content, length and length distribution. 
An increasing hard segment content usually leads to increased hardness, elastic modulus, 
tensile strength, solvent resistance, increased hard segment domain fonnation and 
crystalline perfection in the hard segment domains3!. Many authors32.33.34.35.36.37 interpret 
their results as a transition from dissolved hard segment microdomains in a soft segment 
matrix to an increasingly continuous hard segment network structure with isolated soft 
segment domains. This transition is accompanied by a change from a soft rubbery and 
elastic material to a brittle and high modulus plastic and is generally observed at around 
50 to 60% hard segment content. 
The influence of the hard segments on the glass transition of the soft segments and hence 
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the degree of phase separation depends on many factors, including the compatibility of 
both components, block length of both hard and soft segments and the processing 
conditions. The results in some papers seem contradictory and different effects may 
cancel each other out. An early study of block copolymers predicts the effect of 
impurities in the chain acting as plasticizers, and, hence, decreasing the glass transition 
temperature38• In their paper, Li et al.39 refer to an early theoretical study by Krause40 
which predicts less compatibility between the blocks of a copolymer, and, hence, a 
decrease in the glass transition temperature when the length of one block is increased. 
However, Li et al.39 note increasing glass transition temperatures with increasing hard 
segment content (hence more compatibility and intersegmental mixing between the two 
blocks) for a PPOIPTMGIMDIIBDO system. They also evaluate other researchers' 
findings and find decreasing glass transition temperatures with increasing hard segment 
content for systems based on different hard segments, such as aliphatic hard segments 
and diamine based hard segments. They stress the influence of kinetic effects, such as 
mobility of hard segments, (stiff aromatic rings, flexible aliphatic chains), and system 
viscosity, (stronger interactions in esters, weaker interactions in less polar polyols), on the 
degree of phase separation39• Seemed et al.41 also reported increasing glass transition 
temperatures with increasing hard segment content for a relatively low molecular weight 
polycaprolactone polyol, but virtually independent glass transition temperatures with 
increasing hard segment content for a relatively longer polycaprolactone polyol. Ferguson 
et al.42 reported independence, an increase, and finally a decrease of the glass transition 
with increasing hard segment content within one series of polyurethanes. They associate 
the increase in glass transition with the restriction of movement imposed onto the soft 
segment chains by the onset of spherulitic structures of the hard segments prevailing in 
the interphase. The final decrease in soft segment glass transition is interpreted as a result 
of increasing order within the hard segment domains, (based on MDI and 1,3-
diaminopropane) and hence, less thermodynamic compatibility between the segments. 
Sakurai et al. 43 draw similar conclusions from their results. Less polar soft segments such 
as poly(isobutylene) polyols (pm), poly(butadiene) polyols (PBD) and 
poly(dimethylsiloxane) polyols (PDMSO) are generally more phase-separated. Their 
glass transition temperatures have been reported to be virtually independent of hard 
segment concentrations when hard segments made from MDI or TDI and BDO, are 
employed21 ,44,4s. Similar effects were reported for a polyurethane based on a MDIIBDO 
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hard segment and a poly( ethylene ether carbonate) diol46• Other studies mention the 
impeding effect on the mobility of the soft segments caused by the chemical junctions 
with the hard segments (end capping) which are located in the phase boundruis,47. 
The effects of the molecular weight distribution of the hard segment on the properties of 
the finished polyurethane seem to be understood better. A smaller hard segment 
polydispersity generally leads to better phase separation and improved mechanical 
properties. Ng et al.48 investigated systems based on piperazine, BDO and PTMG and 
found better microphase separation, higher elongation at break and higher moduli for 
materials with a lower polydispersities. Miller et al. 34 prepared different polyurethanes 
based on PTMG, MD! and BDO. Their results (DSC, DMTA, SAXS, IR) indicated 
greater hard phase volume fractions and crystallinity for the materials with the lower 
polydispersity hard segments. They also found increased Young's moduli and elastic 
moduli for the low dispersity hard segment materials. Musselman et al.49 suggested a new 
method for preparing more regular TDIJPTMG prepolyrners (lower polydispersity) by 
making use of the different reactivities of the two isocyanate groups in the TDI molecule. 
They used different amine extenders (MBOCA, MCDEA) and found hard segments with 
more ordered structures (increased hydrogen bonding), smaller domains and greater 
interfacial areas when their new prepolyrner preparation method was applied. They also 
found improved mechanical properties (Young's moduli). 
2.2.5. The effect of the diisocyanate 
The structure of the diisocyanate employed in the making of polyurethanes has been 
found to have a strong effect on the properties of the polyurethane. 
An important factor is the symmetry which is imposed onto the structure of the hard 
segment by the diisocyanate. Authors have compared the effect of TD! and MDI on the 
structure of a segmented polyurethane. Hard segment microdomains based on TDI have 
been reported to be less crystalline, or completely amorphous, in comparison to hard 
segment microdomains based on MDI. Koberstein and SteinsO carried out SALS (Small 
Angle Light Scattering) measurements on two systems based on MDIIBDO and TDIlEG. 
They found strong differences in light scattering and suggest differences in the symmetry 
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of the isocyanates as one reason for their results. Their TDIlEG system is completely 
amorphous, whereas their MDVBDO system is suggested to assume a spherulitic 
structure. Similar results were found by Brunette et al.S1 and Minoura et a1.S2• They found 
increased hydrogen bonding in compounds containing MDVBDO hard segments 
compared to similar compounds employing 2,4/2,6-TDVBDO hard segments. Among the 
TD! isomers, they found 2,4-TD! to be less inclined to assume crystalline structures than 
2,6-TD! due to its increased asymmetry impeding effective packing of the hard segment 
units. Schneider et al. S3 found similar differences between 2,4- and 2,6-TDI. 
Other researchers investigated the difference between aromatic and aliphatic 
diisocyanates and their respective effect on structure and properties of polyurethanes. Van 
Bogart et al. S4 compared polyurethanes based on polycaprolactone polyol as a soft 
segment and H1ZMDVBDO and MDVBDO as the respective hard segments. They found 
greater interfacial areas in the compounds based on the aliphatic diisocyanates when 
higher amounts of hard segment were employed. Smaller amounts of hard segment 
resulted in smaller domains for the aliphatic based material. They explain their results 
with the higher thermodynamic compatibility between the aliphatic diisocyanate and the 
aliphatic chain in the polycaprolactone: They also found reduced crystallinity in the 
aliphatic diisocyanate based hard segment domains. Li et al. 39 also carried out 
experiments on H12MDVBDO and MDIIBDO hard segments with a polyester soft 
segment. They also found stronger interactions of hard and soft segments in the aliphatic 
diisocyanate based polyurethane. These researchers, however, stress the important 
influence of the higher mobility of the aliphatic diisocyanate, which may lead to a faster 
and more complete phase separation in spite ofless thermodynamic compatibility. 
More specialist approaches concern the influence of other diisocyanates. Plummer et al.ss 
and Hepburns6 investigated the influence of a PPDI (paraphenylene diisocyanate) on the 
mechanical and thermal properties of polyurethane elastomers. The former find increased 
tensile strength, modulus, elongation and break and compression set values compared to 
polyurethanes based on MD! and TODI. Their DMTA data indicate better phase 
segregation and they also found increased heat distortion temperatures. They explain their 
findings with improved stacking efficiency in the hard segment microdomains due to the 
planar/linear structure of the PPD! molecule. The latter investigated PPDI and eHD! 
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(trans-I,4-cyclohexane diisocyanate) based polyurethanes and found improved high 
temperature behaviour, tensile properties, moduli, solvent resistance and dynamic fatigue 
resistance over polyurethanes based on MD!. 
2.2.6. The effect of the chain extender structure 
The effect of the chain extender structure on the properties of polyurethanes is also very 
important. The most commonly employed chain extenders are diols and diamines. 
Significant differences can be found between those two groups of materials. Diamines 
lead to more stable hard segment domains. This is due to the formation of urea groups 
which can enter much stronger inter-urethane interactions (hydrogen bonding). The use of 
diamines usually leads to improved high temperature behaviour, greater phase separation 
and overall improved mechanical properties. Disadvantages are the high reactivity of the 
diamines which limit the range of applications in some cases. Additionally, the high 
melting points of the diamine based hard segments do not permit thermoplastic 
processing of the resulting polyurethanes. As already mentioned, Born and Hespe28 
developed a hard segment model based on butanediamine and MD!. They proposed a 
strongly interacting system of bifurcated hydrogen bondings between the two nitrogen 
atoms of a urea group and one carbonyl group of the adjacent hard segment chain. As for 
aromatic diamines, they are considered to cause similar differences for the phase 
separation as aromatic diisocyanates cause in comparison to aliphatic diisocyanates, such 
as increased thermodynamic incompatibility due to increased differences in solubility 
parameters. 
Hu et al.S7 found stronger expressed phase separation in aromatic diamine based 
polyurethanes compared to their aliphatic counterparts. Savalyev et al.S8 investigated 
dihydrazide of isophthalic acid (DIP A) based polyurethane systems and applied additions 
of crown ether-containing di- and monohydrazides and hydroxy-containing compounds: 
they found increasing phase separation, but no change in the domain size distribution 
when the former were applied and unchanged or slightly decreased phase separation and 
no change of domain size distribution when the latter were applied. Mixed chain extender 
compositions have also been examined. Ahn et al. S9 prepared polyurethanes with 
different mixtures of BDO and isophoronediamine. These mixtures developed reduced 
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levels of crystallinity, probably due to the differences in structure impeding effective 
stacking of the hard segments. Additionally, they found most urea groups to be associated 
in hydrogen bonding, whereas the urethane groups only partially did so. 
Diols as chain extenders have also been the subject of various researches. Critchfield et 
al. 60 prepared polyurethanes with aliphatic diols of different length. They found a 
somewhat downward-upward-curved relationship between mechanical properties and 
length of the chain extending diol with higher moduli for the short and long chain 
extenders, such as ethylene glycol, 1,3 propanediol and 1,IO-decanediol, 1,12-
dodecanediol and lower moduli for those PURs based on chain extenders with 
intermediate lengths. Additionally, they found very high compression sets for the 
polyurethanes based on diols with an intermediate length, such as 1 ,6-hexanediol and 1,7-
heptanediol. Their glass transition temperatures decrease with increasing chain extender 
length, but not significantly. 
The influence of different chain aliphatic diol extenders on the physical properties of 
polyurethanes can be seen in Table 2.2. The mechanical properties of a polyurethane 
seem to decrease somewhat with increasing block length of the aliphatic chain. Sanchez-
Adsuar et al.61 find a lower degree of crystallinity in the hard segment blocks when the 
hydrocarbon chain length is increased. 
Table 2.2: Effect of diol chain extension on the properties of polyurethane 
elastomers7 (based on a BDOIAA soft segment (Mn = 1030) I MD! I Dial, 
1:2:1) 
Diol Extender Tensile 300% Modulus Elongation 
Strength / MPa /MPa atBreak/% 
Ethylene glycol 49 6 560 
1,4-Butanediol 56 9 570 
1,5-Pentanediol 42 8 580 
1,6-Hexanediol 41 7 600 
The influence of odd numbers of carbon atoms in the chain extender has also been 
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investigated. From their early model, Blackwell et al. 27 predicted a different, less 
favourable, stacking of chains for an odd number of carbon atoms, and this assumption 
has been successively confirmed62• The explanation for these findings suggests that a 
different, more contracted conformation of the chains is required to align the 
neighbouring urethane groups favourably (gauche versus all-trans). This is energetically 
less desirable and thus, less likely to happen. 
Other researchers investigated the influence of unsaturation in the chemical backbone of 
the extender molecule. Auten et al.63 found decreased reactivity, hydrogen bonding, 
crystallinity and phase-segregation with increasing degree of unsaturation in the chain 
extender molecule. 
2.2.7. The influence of the soft segment 
The character of the soft segment in a polyurethane is also of great importance for its 
final properties and has been the subject of many investigations. Both chemical 
backbone, molecular weight and molecular weight distribution has been shown to 
influence the properties of a polyurethane significantly. 
2.2.7.1. The influence of the chemical backbone 
Generally speaking, soft segments are polyethers or polyesters of an elevated molecular 
weight and have glass transition points below room temperature. Hence, they provide an 
amorphous, soft phase in the polyurethane and thus impart the elastomeric character to 
the polyurethane. 
The difference between polyester and polyether polyols has been the subject of 
considerable research efforts. Polyester polyols generally give better mechanical 
properties than polyether polyols, even though the degree of phase separation is generally 
reported to be lower. This is probably partially due to the increased capability of polyester 
polyols to form hydrogen bonding or other interactions with the urethane groups of the 
hard segment due to the increased number of polar groups. Early investigations by 
Clough et al. 64 have shown that the number of hydrogen bonds between the ester 
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carbonyl groups and urethane groups from the hard segment have been increased. In the 
same study, the authors found a higher degree of phase separation in the polyether soft 
segment based polyurethanes. Hence, it can be concluded that the interactions between 
hard and soft segments are somewhat stronger in polyester based polyurethanes, and this 
may lead to better mechanical properties. This type of difference has been confirmed very 
often65•66.67• The increase of phase separation for polyether-based polyurethanes is also 
reflected in their glass transition temperatures, which deviate less strongly from those of 
the pure soft segments. Other researchers have examined the interphase properties of 
polyether and polyester based polyurethanes. Ophir and Wilkes68 have found decreased 
interphase thickness by means of SAXS for polyether based polyurethanes (0.5 - 0.7 nm 
vs. 1.0 - 1.2 nm for a polyester based polyurethane). However, they consider their 
absolute values with caution. The determination of the interphase thickness by means of 
SAXS is subjected to the mathematical treatment of the results and hence is difficult. 
Porod's law69•7o assumes a sharp boundary and states that the scattered intensity decreases 
with the reciprocal fourth power of the scattering vector s at large values of s. The 
condition of sharp boundaries, however, is not given in real polymer systems, and 
different calculation methods to account for diffuse boundaries and to correct thermal 
density fluctuations lead to different results71 • The effects of increased tensile properties 
in polyester polyol based polyurethanes have also been associated with stress-induced 
crystallisation in the soft segment phase, this effect has been investigated and reported by 
Morbitzer and Hespe72. They compared polyurethanes based on poly(hexamethylene 
adipate} polyol and PTMG polyol and found increased amounts of stress-induced 
crystallisation for the former by means of deformation calorimetry and W AXS. 
The crystallinity and the crystallisation patterns of polyesters is of great importance for 
the final properties of a polyurethane. Hereby, the application is often decisive whether 
crystallinity in the soft segment is desirable or not. For instance, e1astomers are mostly 
required to possess an amorphous soft segment phase in order to achieve good 
mechanical strength (high tensile strength, tear strength) whilst maintaining good elastic 
properties (high elongation at break, good stress relaxation properties, low permanent 
deformation, high rebound resilience). On the other hand, adhesives or coatings may well 
contain crystalline sections as mechanical properties such as abrasion or tear strength are 
improved. For this reason, the background shall be elucidated further here. The stability 
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of a crystalline polymer structure is generally determined by several factors. Firstly, the 
amount of inter-chain cohesive forces developing due to dipole-dipole or ionic 
interactions or hydrogen bonding, secondly, factors concerning the arrangement and 
symmetry of the structure and thirdly, the inertia of already crystalline segments towards 
a deformation force. The symmetry within polyester polyols has a strong influence on 
their crystallisation properties and hence, the properties of a polyurethane. Goodman and 
Rhys73 conducted structure-property investigations on homologous series of polyesters, 
especially with respect to melting behaviour and crystallinity. All the examined series 
contained CH2-units of different length, n, either in the diol part of the polyester, such as 
poly(alkylene terephthalates), poly(alkylene succinates), poly(alkylene adipates) and poly 
(alkylene biphenyl-4,4'-dicarboxylates) or in the dicarboxylic acid part of the polyester, 
such as poly(p-phenylene alkane dioates) and poly(decamethylene alkane dioates). The 
results showed two distinct features relevant for the behaviour of polyester based 
polyurethanes. Firstly, the all-aliphatic structures have lower melting points than 
polyethylene, increasing with the length n of the (CH2}n-unit while asymptotically 
approaching the melting point of polyethylene, indicating the disruption of the complete 
symmetry of a poly(methylene) chain. Secondly, among the homologues there is a 
distinct zig-zag pattern in the melting points between the odd and even (CH2}n-unit 
numbers with the odd numbered methylene units forming lower melting groups than the 
even numbered. The heat of fusion .1.Hr, the entropy of fusion .1.Sr and the melting point 
T m are combined via the following equation. 
till T = __ 1 
m M 
1 
Equation 2.1 
Here, the entropy is comprised of an intermolecular part, .1.Sy (entropy of fusion due to 
volume expansion, an increase in free volume when melting the polymer) and an 
intramolecular part, (.1.S~)y (entropy of fusion at a constant volume). The second factor is 
important for the understanding of the lower melting points of polyesters with a 
polyalkylene component with an odd number of carbon atoms, because their entropies of 
fusion at a constant volume (.1.S~)y have been shown to be somewhat higher than those of 
polyesters with a polyalkylene component with an even number of carbon atoms74. This 
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might be due to an assumption of a somewhat contracted molecular configuration. Hence, 
a molecule chain does not assume a fully extended all-trans conformation whilst aligning 
to the neighbouring molecule chains. This has been shown for a series of polyalkylene 
terephthalates73 and also for polyethylene adipate74• This might explain the greater 
tendency of even numbered polyadipate polyols to crystallise in a polyurethane. This 
might in turn lead to improved mechanical properties as stress-induced crystallisation 
might be favoured, but can also lead to the undesired phenomenon of cold hardening, 
which limits the applicability of a given polyurethane at lower temperatures. Equally, a 
polycaprolactone polyol chain, which has an odd number of carbon atoms (n = 5 in 
(CH2)n), can be expected to assume a more contracted conformation and hence have a 
lower melting point and a smaller likelihood to crystallise. Crescenzi et al. 75 compared 
the entropy of polY-E-caprolactone and poly-I3-lactone with several polyesters 
(poly(ethylene adipate), poly(ethylene sebacate) and poly(ethylene suberate» and actually 
found higher entropies of fusion for the lactone-based polymers (6.8 J.morl.K'1 vs. 6.3 
J.mor1.K,I). At the same time, they found similar heats of fusion, Mlr. This might 
partially explain the greater tendency of polyester polyols to crystallise. Clearly, the 
influence of the initiator used for the polymerisation of E-caprolactone and its 
contribution to the symmetry ofthe polymer and the "change of direction" in the centre of 
a polycaprolactone polyol can be expected to have an influence on the melting and 
crystallisation properties as well. 
An empirical relationship has been developed between the melting point T m and the glass 
transition T g for polyesters, which is as follows (both values in K): 
Tg = k.Tm with 0.6 < k < 0.65 Equation 2.2 
This relationship has been confirmed73 for poly( ethylene terephthalate) and poly( ethylene 
adipate) and is generally assumed to be valid for many polyesters, as the intramolecular 
forces determining the melting behaviour, such as van der Waals forces or ionic 
interactions should be reflected in the glass transition behaviour as well. 
Other researchers have investigated the influence of the introduction of methyl side 
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chains onto the properties of a polyurethane. Chang et al.47 conducted DSC and SAXS 
studies on polyurethane systems based on a MDIIBDO hard segment and a hexanedioV 
adipic acid polyester soft segment in which the hexanediol was subsequently replaced 
with 1 ,2-propane diol. They found that the introduction of CH3-side groups resulted in an 
increase of the free volume, hence a decrease of the viscosity and hence, an increased 
degree of phase separation. Kim et al. 33 prepared polyurethanes based on two different 
polyether soft segments (pTMG and PPG). They conducted FTIR experiments and found 
increased hydrogen bonding in the PTMG-based polyurethane in comparison with the 
PPG-based polyurethane. Their mechanical tests indicated an impeding effect of methyl 
side groups on the stress-induced crystallisation of the soft segment, and hence inferior 
properties. At the same time, they found increased storage moduli for the polyurethanes 
based on PPG. 
Both Seymour et al. 76 and Yamamoto et al. 77 conducted tensile testing experiments 
accompanied by simultaneous FTIR. The former investigated systems based on a 
MDJJBDO hard segment and two different soft segments, a PTMG-IOOO polyether soft 
segment and a poly(tetramethylene adipate) polyester soft segment. For their polyether-
based compound, they conclude that the amount of carbonyl hydrogen bonding and the 
amount of H-bonded NH is constant below 200% strain, and decreases at higher strain 
levels, indicating that no additional hydrogen bonding develops due to soft segment 
crystallisation at higher strain levels. Their polyester based compound showed similar 
results with respect to strain-related NH hydrogen bonding. The latter investigated 
systems based on MDI/propylene diamine hard segment and PTMG soft segments of 
different molecular weight. Their results indicated a disruption of hydrogen bonding in 
the hard segment domains (lowering of hydrogen bonded urea carbonyl bands), and an , 
increased phase mixing with increasing strain. With these results, the authors explain the 
likelihood of polyurethanes to undergo stress fatigue. 
Ahn et al.59 replaced a PTMG soft segment successively with a poly(hexamethylene 
carbonate) polyol and found increased phase mixing with decreasing PTMG content. This 
was attributed to a higher thermodynamic compatibility of the polycarbonate polyol with 
the hard segment. CamberIin and Pascault67 found, by means of DSC, decreasing phase 
segregation rates when changing the soft segment from a hydrogenated polybutadiene to 
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a polybutadiene to a PTMG polyol due to the increasing polarity of the soft segment and 
hence, the higher thermodynamic compatiblity with the hard segment. They also found 
the glass transition temperatures of both the hydrogenated and the non-hydrogenated 
polybutadiene soft segment based polyurethanes to be hardly elevated from those of the 
pure soft segments, indicating that the phase separation is almost complete. 
2.2.7.2. The influence of molecular weight and concentration 
The effect of an elevated molecular weight of a soft segment has been predicted in an 
early study by Krause40 to increase the phase separation properties of a block copolymer. 
Many authors78,79,8o have investigated the influence of the molecular weight of soft 
segments on the properties of a polyurethane. Generally, an increase of the molecular 
weight of the polyol while holding the block length of the hard segment constant leads to 
an decrease of the compatibility of hard and soft segment. This in turn may lead to 
increased phase separation. Thus, the glass transition temperatures of the polyurethane 
are decreased, and an increased order within the soft and hard segment phases can be 
expected. This may eventually lead to increased hydrogen bonding or even crystallinity in 
the hard segment domains or crystallinity in the soft segment phase. Li et al. 81, Chang et 
al.82 and Bogdanov et al.83 prepared samples with polycaprolactones of different Mn. 
They found soft segment crystallisation, the amount of which depending on hard segment 
content, length of the soft segment and the total Mn . They conclude that higher Mn of the 
soft segments favour crystallisation of the soft segment, estimating a "critical soft 
segment length" of about 1000-3000, but a lower total Mo of the PU leads to more 
crystallisation. They also find strong dependence from crystallisation on processing 
conditions. 
Martin et al. 84.85 carried out extensive testing on polyurethanes based on 
poly(hexamethylene oxide) macrodiol soft segments of different Mo, MD! and 1,4-BDO. 
They found an increasing T g of the soft segment with decreasing Mo, a critical soft 
segment Mn of about 1000 (above which the soft segment undergoes crystallisation 
processes), a decreasing amorphous character of the material with increasing Mo of the 
soft segment (indicated by a decrease in the amount of tano around T g). They also found 
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different endotherrnic DSC peaks which they associated with enthalpy relaxation 
phenomena, (involving a development of hydrogen bonding within single MDI-units not 
associated with BDO-units), and melting peaks of different hard domain structures, 
which they labelled Tl - T5. They associated the different hard segment domains to 
different MDI-unit lengths and found strong dependency on processing conditions 
(annealing study). Additionally, they found strain-induced crystallisation occurring in 
materials based on soft segments with a Mn of up to 800. 
As for the influence of the soft segment concentration on the properties of the 
polyurethane, it can be said that a decrease of the soft segment concentration leads to an 
increase of the hard segment concentration. The effects of hard segment concentration on 
the properties of a polyurethane have been discussed above. As already mentioned above 
there are many factors, some of which may actually cancel each other out. 
2.2.7.3. The influence of the molecular weight distribution 
The molecular weight distribution of a polyol has also been shown to influence the 
properties of a polyurethane. Ng et al.48 investigated polyurethanes with different PTMG 
soft segments, conducted DSC, DMTA and tensile testing and found increased order 
within the hard segment domains with decreasing molecular weight distribution. 
Musse1man et a1.49 prepared prepolymers with different molecular weight distributions 
based on TDI and PTMG, and extended these with different amine extenders. They 
conducted mechanical testing, SAXS and DSC measurements and found a more ordered 
morphology, i.e. smaller hard segment domains and more hydrogen bonding in the 
polyurethanes based on the prepolymer with the lower polydispersity, whereas the degree 
of phase separation has been shown to remain nearly constant. Additionally, the tensile 
properties have been shown to be improved. These results refer to the molecular weight 
distribution of a prepolymer, but the molecular weight distribution of a polyol can clearly 
be expected to influence the molecular weight distribution of a prepolymer as well. 
Shirasaka et al.86 prepared different PURs based on PCL soft segments with different 
molecular weight distributions, and found an increased degree of crystallinity in the 
PURs when soft segments with higher polydispersities were employed. 
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2.2.8. The influence of synthesis procedure, processing 
conditions and thermal history (annealing) 
It is well known that the synthesis procedure, polymerisation conditions and additional 
thennal treatment may have a significant influence on the final properties of a 
polyurethane. In practise, polyurethanes often have to be subjected to additional thennal 
treatment ('post-curing') to achieve optimal properties. 
The effect of the synthesis procedure has been investigated. Abouzahr and Wilkes87 
compared polyurethanes based on polyester and polyether polyols prepared by both the 
one-shot and the prepolymer processes. They found a strongly pronounced influence of 
the process in the case of the polyester polyol, and a negligible effect in the case of 
polyether polyols. They found less interaction in the hard segment domains and decreased 
mechanical properties in the case of polyester polyol / one-shot process. This was 
attributed to a broader molecular weight.distribution in the hard segments, and, therefore, 
less order and interaction among the hard segment chains. As for the polyether polyols, it 
was assumed that the greater incompatibility of these with the hard segments reduces the 
effects of hard segment block length distribution. 
Miller et aI. J4 prepared PTMG-2000IMDIIBDO polyurethanes by two different methods, 
a single-step process (one-shot) and a multiple-step process with the second one leading 
to a higher proportion of single MDI-units (here: -MDI-BDO-MDI-) in the finished 
polyurethane being the most important difference in hard segment block length 
distribution. They concluded that the materials with more single MDI-units develop a 
smaller degree of phase separation because the single MDI-units would not phase 
separate and remain within the soft segment phase. This would, in turn, lead to a lower 
volume fraction of the hard segment phase, and a lower degree of order within the hard 
segment domains. Evidence for these conclusions was provided by FTIR, DMTA, tensile 
testing, DSC, WAXS and SAXS experiments. Yoon et aI.88 found strong influence of the 
mould temperature on the thennomechanical and rheological properties of a number of 
polyether- and polyester-based TPU materials. 
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Often, DSC studies are used to investigate the influence of thennal treatment (annealing) 
on the properties of a polyurethane. Polyurethanes usually show multiple endothenns. 
Sometimes, they are labelled Tl to T3 and have attracted a considerable amount of 
research. A figure illustrating the different phenomena on a number ofPURs investigated 
in this study is included in Chapter 4 (section 4.2.1). 
Koberstein et al.89.90 associated the T2-peaks (between 120 and 180°C) with the onset of 
a microphase separation transition to a homogeneous phase and associated the T3-peaks 
(above 200°C) with the melting of microcrystalline hard segment structures. They also 
carried out simultaneous SAXS-DSC-measurements and found a strong decrease in the 
scattering intensities and a rapid increase in interdomain spacings with the onset of T2. 
Other authors37,91,92 explain T2 with unspecified long-range order transitions. 
Tl always seems to appear at about 20°C above the annealing or post-cure temperature 
and is still not fully understood. It has been associated with a transition from a not fully-
extended gauche structure to a fully extended all-trans structure (a short-range 
transition)93. The aforementioned authors37,91,92 also explain their findings with short-
range-order transitions, sometimes involving the break-up of hydrogen bonding between 
soft segment and urethane bonding. Koberstein et al.29 suggested that the origin ofTl has 
to do with solubility effects resulting from the presence of hard segment blocks which are 
not fully associated in ordered structures. Chen et al.94 recently conducted an extensive 
annealing study, they interpret their results with enthalpy relaxation phenomena resulting 
from physical ageing of the samples, assuming that amorphous fractions of hard segment 
blocks undergo a densification. Such phenomena usually occur just below the glass 
transition, T g. 
Martin et al. 84,85 carried out annealing studies with polyurethanes based on 
poly(hexamethylene oxide) polyol soft segments of different Mn, MD! and 1,4-BDO and 
found different endothennic peaks by means of DSC, which they associated with 
phenomena as described above. They found strong dependency of peak appearance on 
annealing conditions. They also carried out SAXS-experiments, and found both 
interdomain-spacings and overall scattering intensity (indicating the amount of phase 
segregation) being strongly dependent on annealing conditions. 
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All the above authors agree that annealing (hence processing) conditions can effect 
strongly on the multiple endothermic behaviour of polyurethanes. The sensitivity of the 
multiple endotherms to thermal history is strongest for materials with the least tendency 
to phase separation (polyester based polyurethanes), weaker for polyether based 
polyurethanes and virtually independent for polybutadiene based polyurethanes95• 
2.2.9. The effect of crosslinking 
There are two possibilities to crosslink a polyurethane. Firstly, by employing reactants 
(either polyol or isocyanate or extender) with a functionality greater than two and 
secondly, by use of excess isocyanate, hence causing crosslinking by means of biuret, 
allophanate or isocyanurate groups. Crosslinking makes polyurethanes more rigid, hence 
causing higher moduli, higher softening points, decreased elongation and increased glass 
transition temperatures, because the movement of the soft segment chains becomes more 
and more restricted. Phase segregation is generally reduced, because the viscosity of the 
system is increased. 
The application oftri- or multi-functional extenders leads evidently to crosslinking of the 
hard segment chains. Yu et a1.96 successively replaced BDO with glycerine in a polyester 
polyol and MD! based polyurethane system. They conducted DSC, SAXS, FTIR and 
TMA studies. They found reduced hydrogen bonding in the hard segments due to steric 
hindrance. The aggregation of hard segments was increased due to the higher amount of 
covalent crosslinking. Petrovic et al.97•98 successively replaced BDO with TMP in two 
different polyurethanes. The found decreased mechanical properties (ultimate tensile 
strength, elongation at break) and decreased crystallinity of the hard segments, but higher 
softening points. An impeding effect on the mobility of the soft segment chains was 
expressed by a broadening of the glass transition. 
The effect of the introduction of crosslinking into a soft segment seems to enhance the 
mechanical properties such as tensile strength and elongation at break of the polyurethane 
without having a increasing effect on the glass transition of the soft segment. This was 
found for different polyurethane systems by various authors99•IOO• 
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Allophanate or biuret crosslinking also have an effect on the mechanical properties of a 
polyurethane, as they are likely to decrease the phase segregation extent and impede the 
spherulite formation within polyurethanes 101 and might increase the glass transition 
temperatures l02, but they also seem to improve the tensile propertiesl03 • 
2.3 Review of Tear Strength 
As the determination and evaluation of tear strength has been an important part of this 
PhD thesis, and as the features of tear tests are not widely known, a short review of this 
topic is included in this section. 
All tear tests have in common that the applied forces are ideally concentrated on one 
particular point of the specimen, as opposed to a conventional tensile test where the 
applied forces are more or less evenly distributed over the entire area of the test 
specimen. The applied forces to extend a pre-fabricated cut are measured3• There is a big 
variety of test specimen types available. However, the results are not independent of the 
test specimen and are, hence, not comparable. A number of different tear test specimens 
can be seen in Figures 4.4 to 4.7, together with the relevant test standards. If the same test 
specimen is used for different test standards, the dimensions and test conditions may vary 
considerably, adding another element of variation. Differences in tear strength between 
different test specimens for the same material may be higher than one order of magnitude, 
as has been shown by Clarnroth et al. 104 in an excellently compiled comparison of 
different methods for the determination of tear strength. 
Figure 2.28: Die C test specimen, Angle test piece (Graves), ASTM DJO04-90 
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Figure 2.29: Trousers test specimen ISO 6383, ASTM D1938 
Figure 2.30: Crescent test piece ISO 34-1979 
Figure 2.31: Notched specimen (not based on a valid test standard) 
<iL----_I~ 
It is quite easily imaginable that not all the applied force is converted into the creation of 
a fresh surface (i.e. an extension of the cut). Therefore, a relationship between the applied 
energies can be expressed as follows: 
t. W total = tl W,lastic + tl Wp1astic + tl Wt,ar + (tl Wstrain crystallisation) Equation 2.3 
It can be seen above that only a certain proportion of the applied energy is converted into 
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tearing energy The remaining energies are basically reversibly, or irreversibly, stored 
within the rest of the specimen. This explains the high variation of results for tear 
strength when different specimens are used. 
The Griffith's criterion105 is probably still valid as the most important criterion for 
tearing. 
Equation 2.4 
dW is the decrease of elastically stored energy in test 
specimen 
de is the increase in cut length (quasi static growth) 
T is the surface free energy per unit area of the material 
dA is the area of the new surface 
Basically, this means that in the moment of tear propagation parallel to the direction in 
which deformation occurs, a fresh surface is created, the energy of which equates to the 
loss in elastically stored energy within the test specimen. It has to be stressed, however, 
that the occurrence and propagation of a tear will be mainly determined by the state of 
deformation in the immediate vicinity of the tear. The first and probably still most 
fundamental treatment of this issue has been by Rivlin and Thomas106 on a number of 
different rubber materials. They assumed that the energy applied to the immediate 
neighbourhood of the tip is independent from the shape and size of the test specimen as a 
whole. They also assumed that this property of the material is probably a fundamental 
property and not equivalent to the surface free energy of the material, but called it a 
characteristic energy for tearing. They derived a number of different models and methods 
to determine this value experimentally and mathematically, all of which have in common 
that they are very complicated and experimentally elaborate. The experimental procedure 
involves the use of different test specimens with different cut lengths. The next step 
involves an integration of the area under the force-deflection curves for a set value of 
extension (10). A plot of those values for W versus cut length c has to be made and the 
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subsequent detennination of the slope of that plot yields dW Ide. This value can than be 
inserted into the following equation and T can be calculated. 
Equation 2.5 
I indicates the condition of quasi-stationary crack 
growth 
However, the slope has to be detennined at the correct point, (where initial propagation 
of the cut occurs). This requires that 10 (the initial integration border) to be associated 
with the correct value for c, which requires another plot of I (where failure actually 
occurred) versus c of the used test specimen. However, this plot is extremely difficult to 
obtain, as the condition of the stationary crack growth, (crack propagates at the same 
speed as the defonnation speed), is difficult to detennine. This is probably the main 
reason why the values in the above paper differ by more than 50% when different 
methods (calculation and experimentation) are employed. 
Therefore, in most cases Griffith's criterion is simplified to obtain the following equation: 
F= T.2t Equation 2.6 
t is the thickness ofthe specimen 
T is the characteristic energy for tearing 
Thomas I 07 produced another paper, in which he developed a relationship between the 
strain distribution around the tip of an incision and the value for T (characteristic energy 
of tearing). T is now to be understood as an amount of energy transferred irreversibly into 
the propagation of a tear per unit thickness of the sheet and per unit increase of the length 
of the tear. In another paper, Greensmith and Thomas108 established the dependency of T 
on other parameters, such as temperature and the tear propagation rate, which is, in turn, 
related to the speed of the tear test. In a later paper, Greensmithl09 established the 
following relationship, complete with description and discussion of the experimental 
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method by which it was obtained. 
If', - w = K(;.,)c2 hE Equation 2.7 
Wj is the in specimen stored energy before the cut is made 
W is the in specimen stored energy after cut is made 
K(A.) is the numerical factor dependent on A. 
A. is the extension ratio 
c is the cut length 
h is the thickness of specimen 
E is the stored-energy density in central region of extension 
Here, K seems to vary between 3 for low extensions and a value around 2 for higher 
extensions (A. at around 3). 
Other authors deal with the energetic considerations concerning cut growth and 
fatigue I 10,1 11. The energies involved in tearing of rubber may, however, also be 
influenced by the ability of the rubber to crystallise under strain. This lead to a distinction 
between the incipient characteristic tearing energy (when the tear starts to propagate)and 
the characteristic energy for catastrophic tearing (when catastrophic failure occurs). 
These values may differ substantially as wellll2• In this paper and another onel13, 
numerical treatments for the former parameter and stress relaxation in the vicinity of the 
tear tip were undertaken. 
All the methods and papers above are concerned with the tearing behaviour of rubber 
materials. In the case of PURs, however, fundamental papers regarding tear energy 
considerations are preciously rare. De Groot et al. l14 reported a few tear energy values for 
biomedical PURs, but quoted equation 2.6 and omitted to report the test specimen and 
conditions they used. Rodriguez et al. l15 conducted a fatigue cut growth study on a 
number of different TPUs. They used notched specimens and applied a dynamic load 
(2Hz) and different strokes (0.2, 0.3, 0.4 inches). The average number of cycles to failure 
was recorded. Their results indicated that fatigue cut growth behaviour depends on the 
polyol type, polyol molecular weight, hard segment I soft segment ratio and the total 
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molecular weight of the PUR. Their results indicate that PC03-based PURs are generally 
poorer than polyadipate-, PCL- and PTMG-based TPUs in terms of fatigue cut growth 
rate and number of cycles until failure. They also calculated strain-energy densities from 
the area under the stress-strain curve and calculated tearing energies by means of using a 
simplified version ofEq. 2.7: 
T= 2kWc Equation 2.8 
k is the numerical factor (2 < k < 3), k = f(A) 
W is the strain energy density 
c is the cut length 
They also observed different types of failures: featureless flat failure (fast cut growth), 
undulating and rough failure (slow cut growth rate) and ductile undulating failure (very 
slow cut growth rate), indicating that different types of mechanical failure can play a part 
in the tearing process of a TPU. 
Aglan" 6 also conducted a study on fatigue behaviour of PURs and introduced a new 
method for calculating a specific energy of damage, y*, which he claims can serve as an 
important parameter to predict the resistance to failure in an elastomer, 
All the above authors recognise the difficulty of getting round the problem of uneven 
stress distribution in a highly elastic test specimen. 
A number of other authorsll7·118.119.120,121 quote tear strength values of very different 
types of PURs and, somewhat unsurprisingly, use a high variety of different test 
specimens and test standards. 
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Chapter 3: Experimental Section 
3.1. Materials 
3.1.1. Isocyanate 
MDI monomer was chosen as the diisocyanate component. MDI is a standard product for 
the making of polyurethane elastomers (and hence readily available) and was the 
preferred choice because of its increased symmetry and aromatic character in comparison 
with TDI. Apart from that, its decreased vapour pressure is an advantage over TDI 
concerning safety aspects. MD! was supplied by Industrial Copolymers Ltd. in the form 
of the Bayer product Desmodur 44M. The structural formula can be seen below. 
OCN < }CH~ ) NCO 
4,4'-Diphenyhnethane diisocyanate (MDI) 
3.1.2. Soft segments 
The chosen soft segments and their abbreviations are listed below. They were categorised 
into three groups, according to their chemical backbone. 
a) A series of polyester soft segments based on AA and several aliphatic linear diols. 
b) A series of different PCL soft segments based on different initiator diols 
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a) Polyadipate soft segments 
Polyester polyol based on AA and EG (n=13.4) 
Polyester polyol based on AA and l,4-BDO (n=10.5) 
Polyester polyol based on AA and 1,6-HDO (n=9.3) 
Their basic properties and trade names are as follows. 
Table 3.1: Properties of the polyadipate soft segments 
Name Chemical Nature Nominal molecular weight / 
(Supplier) Functionality . 
DIOREZ 770/02 Polyester polyol based on 2000/f=2 
(Hyperlast) AA and EG 
DIOREZ 721102 Polyester polyol based on 2000/f=2 
(Hyperlast) AA and 1,4-BDO 
DIOREZ785 Polyester polyol based on 2000/f=2 
(H yperiast) AA and 1,6-HDO 
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b) A series of different polycaprolactone soft segments based on different initiator diols 
o 0 
H+O+CH2lsgto+CHztrO-fg-tCH~0-t-H 
PCL(EG): Polycaprolactone polyol initiated with EG (m + n = 18.9) 
o 0 
H+O+CH~gtO+CH~0-fgt-CH~0-t-H 
PCL(BDO): Polycaprolactone polyol initiated with 1,4-BDO (m + n = 17.5) 
PCL(HDO): Polycaprolactone polyol initiated with 1,6-HDO (m + n = 17.2) 
o CH3 0 H+Of-CH2-h-gtO-CH2f-CH20-fgt-CH~O-t-H 
CH3 
PCL(NPG): Polycaprolactone polyol initiated with NPG (n+m=16.3) 
PCL(EBPD): Polycaprolactone polyol initiated with EBPD (m + n = 17.6) 
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o 0 H+O-fCH2-h-gt-0-fCH~O-fCH~0-tgt-CH~Oi-H 
PCL(DEG): Polycaprolactone polyol initiated with DEG (m + n = 17.0) 
o 
o H -tll i-II H CH-O C CH 0 H H+O+CH~cLo-CH I-l"?q ,H I 2 t- ~ m 2-J5 Tn 2'C_/_C '-..C~C .... ~ H" 'ff4i' H 
H 
PCL(CHDM): Polycaprolactone polyol initiated with a mixture of 
cis- and trans-1,4-CHDM (m + n = 17.4) 
According to their initiators, these polycaprolactones can be distinguished into three 
groups. 
bl) Those initiated with linear aliphatic diols (PCL(EG), PCL(BDO), PCL(HDO» 
b2) Those initiated with branched aliphatic diols ( PCL(NPG), PCL(EBPD) ) 
b3) Those initiated with other diols ( PCL(DEG), PCL(CHDM) ) 
The trade names and basic properties ofthese polyols are listed in Table 3.2. 
50 
Table 3.2: Properties of the PCL soft segments 
Name , ' Chemical Nature Nominal molecular weight I 
(Supplier) Functionality 
CAP A Development Product EG-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAP A Development Product 1,4-BDO-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAP A Development Product 1,6-HDO-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAP A 223 1 CAP A 2201 NPG-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAP A Development Product EBPD-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAPA2205 DEG-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
CAP A Development Product CHDM-initiated 20001[=2 
(Solvay) Polycaprolactone polyol 
3.1.3. Chain extender 
1,4-Butanediol was chosen as the extender material. It was supplied by Aldrich. The 
structural [ormula can be seen below. 
1,4-Butanediol 
3.2. Characterisation of the starting materials 
3.2.1. Isocyanate 
MDI was characterised by its melting point and kept in the freezer at ca. -30°C to prevent 
the product from undergoing dimerisation. 
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3.2.2. Soft segments 
3.2.2.1. Nuclear magnetic resonance spectroscopy 
Nuclear magnetic resonance spectroscopy (NMR) is an absorption spectroscopy in the 
presence of a magnetic field. Nuclei and electrons possess a magnetic moment. A body of 
microscopic size carrying an electric charge acts as a magnet if it spins on its own axis. 
By analogy, an atomic nucleus or electron is said to have spin since it possesses magnetic 
properties. 
NMR spectroscopy was used to check the purity of the raw materials (polyols) in this 
research. A few milligrams of each sample was dissolved in COCh. NMR spectroscopy 
experiments were conducted using a OPX 400 Bruker instrument. The sample tube used 
was 5mm in diameter and TMS was used as the standard. IH_NMR and 13C-NMR 
measurements were carried out at a frequency of 400.13 MHz and 100.62 MHz, 
respectively. 
All the polyols could be related to their presumed structure. All materials gave rise to 
peaks, the shift of which could be related to the respective functional groups in the chain 
and the ratio of which could be used to check the presumed stochiometric composition. 
By calculating the ratio of end-standing carbon atoms (near the hydroxy group) to "in-
chain" carbon atoms it was possible to calculate the average molecular weight. 
As an example, the calculation for the BOO/AA soft segment (Figure 2 in Appendix 1) is 
described here. 
H, (H.,) 2x H, H, R H, 2x H, H, ft H, 2x H, Hd 
Hfo-CH,-fCH,j,CH,O-C-CH,f-CH,j,CH2-CTo-CH,f-CH,rrCH,O-H 
Three major proton enviromnents and one minor proton enviromnent were observed for 
this material: 
a) Ha: /) = 2.3 ppm; multiplet; corresponding to four H-atoms per repeat unit 
b) Hb: /) = 1.6 ppm; multiplet; corresponding to eight H-atoms per repeat unit, plus four 
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additional H-atoms in the tenninal isolated BDO-unit 
c) Hc: 0 = 4.06 ppm; multiplet; corresponding to four H-atoms per repeat unit plus four 
additional H-atoms in the endstanding isolated BDO unit minus four H-atoms for two 
endstanding CHz-units adjacent to an hydroxyl group 
d) Hd: 0 = 3.S ppm; multiplet; corresponding to four H-atoms per polyol from 
endstanding CHzOH-units 
The peak integral is proportional to the number ofH-atoms concerned. Hence, the ratio of 
the integral values corresponding to Hc and Hd are related as follows: 
H, = 4n+4-4 3.635 
Hd 4 = n = 0.357 = 10.18 
The molar mass of the repeat unit is m = 200 g/mol, the total molecular weight of the 
polyol is hence 
Mn = 200 x 10.IS + 90 = 2126 g.mor l 
Similarly, the other proton environments (Ha, Hb) and their integral values were taken 
into account and the molar masses were calculated. 
H, 4n 3.651 I 
-=-=n =--= 10.23~ Mn=2135 g.mor 
Hd 4 0.357 
H. 8n +4 8.000 I 
- = -- = 2n + 1 = -- = 22 41 ~ n = 10 71 ~ M = 2232 g mol' Hd 4 0.357' . n . 
Subsequently, the average values were calculated and rounded to the nearest two digits. 
The molecular weight results can be seen in Table 3.3. and 3.4. 
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Table 3.3: Average molecular weight of the polyadipate soft segments as 
determined by I H-NMR spectroscopy 
Material Average Molecular Wei~tl g.mor1, 
.. 
.. 
EG/AA 2400 
BOO/AA 2200 
HOO/AA 2300 
Table 3.4: Average molecular weight of the peL soft segments as determined 
by I H-NMR spectroscopy 
Material . Average Moleculill' Weight / g.mor1 
PCL(EG) 2200 
PCL(BOO) 2100 
PCL(HDO) 2100 
PCL(NPG) 2200 
PCL(EBPO) 2200 
PCL(OEG) 2000 
PCL(CHDM) 2100 
As can be seen here, the average molecular weights of the polyadipate soft segments are 
somewhat higher than the nominal average molecular weight as given by the 
manufacturers. The error of the method was estimated being up to +/-10%. The spectra 
can be found in Appendix I (1-10). 
3.2.2.2. GPC/SEC 
Gel penneation chromatography (GPC), also known as size exclusion chromatography 
(SEC), is frequently used to detennine molecular weights and molecular weight 
distributions. In GPC, a polymer sample is dissolved in a suitable solvent. It is then 
introduced, via an injection mechanism, onto a set of columns, which act as a molecular 
filtration system. The columns are packed with either porous silica or semi-rigid, highly 
cross-linked organic gel (copolymer of styrene and divinylbenzene), which contain 
surface pores. These pores can vary from small to quite large and act as the molecular 
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filters mentioned above. The larger molecules will not fit into the smaller pores and elute 
first. Conversely, the smaller molecules will fit into most of the pores and be retained 
longer. 
The soft segments were characterised by GPC. Here, two series of experiments were run. 
The first series was run at RAPRA. Here, polystyrene standards were used and the 
obtained values are, therefore, relative to polystyrene and are, therefore, expressed in 
"polystyrene equivalents". These values must not be confused with absolute values. 
However, the polydispersity values when GPC is carried out are independent of the 
standards and are absolute values. However, some of the polydispersity values obtained 
via the first series gave rise to suspicion as being too high, and some of the values were 
cross-checked at Solvay Interox, Warrington. The experimental parameters are listed 
below. 
a) RAPRA parameters 
Sample preparation: 
Columns: 
Solvent: 
Flow-rate: 
Temperature: 
Detector: 
0.2% w/v in solvent (with a small amount of 
1 ,2-dichlorodibenzene as an internal marker 
PLgel 2 x mixed bed-D, 30 cm, 5 microns, plus guard 
column, 
THF (stabilised with BHT) or Chloroform (in samples 
marked with *) 
1.0 mVmin (nominal) 
30°C 
refractive index, (viscosity), (light scattering) 
Data capture and subsequent data handling was carried out using Viscotek 'Trisec 3.0' 
and 'Trisec 2000' software. 
b) Solvay Interox Parameters 
Sample preparation: 0.02% w/v in THF 
Columns: 
Solvent: 
Flow-rate: 
PLgel 2 x mixed bed-E, 3 microns 
THF (stabilised with BHT) 
1.0 mVmin (nominal) 
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System: Waters GPC/SEC 810 Baseline System 
The obtained results can be seen in Table 3.5 and 3.6. The polydispersity values obtained 
at Solvay lnterox are consistently lower than those obtained at RAPRA. 
Table 3.5: Polydispersity results o/the polyadipate polyols by means o/GPC 
Material Polydispersity Polydispersity 
Solvay Interox . RAPRA 
. 
EG/AA 2.1 2.5 12.6 
BDO/AA 2.0 2.7 I 2.7 
HDO/AA 2.0 3.2 I 3.3 
As can be seen in Table 3.6, the polydispersity values obtained for the PCL samples are 
significantly lower than those obtained for the other soft segments, which can be 
expected from the considerations underlying the different polymerisation methods 
regarding reaction conditions, amounts of catalyst etc., as discussed in Section 2.1.3.2.2 
and 2.1.3.2.3. 
Table 3.6: Polydispersity results o/the polycaprolactone polyols by means of 
GPC 
Material Polydi~persity .• I . Polydispersity 
RAPRA ..... 
... 
Solvay'Interox .. 
.. .... . ....... . ....... 
PCL(EG) N/A 1.2* 
PCL(BDO) 1.16 1.24 
PCL(HDO) 1.17 1.15 
PCL(NPG) 1.35 1.7 
PCL(EBPD) 1.27 1.25 
PCL(DEG) N/A 1.2 
PCL(CHDM) N/A 1.2* 
The polydispersity results obtained from the Solvay GPC system were consistently lower 
when higher polydispersity values are concerned. This is due to the different columns 
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which were used. Mixed bed E columns are best restricted to Mw > 2,000 and their 3 
micron packing gives a slightly higher efficiency122. 
3.2.3. Chain extender 
1,4-Butanediol was not characterised further but was dried prior to reaction (vacuum at 
<lkPa at 80°C for 2-3hrs). 
3.3. Synthesis of the polyurethanes 
To gain a further understanding of the influence of processing parameters on the 
properties of a polyurethane, it was decided to employ two different processing 
techniques: the one-shot and the prepolymer processes. The latter, theoretically, leads to a 
narrower polydispersity of the hard segments and, hence, an increased degree of order in 
the material. Additionally, the high reactivity of the materials led to problems, especially 
when the one-shot system was applied. This will be discussed in more detail below. 
3.3.1. Calculation of the reagent masses 
It was decided to employ at least three different ratios of hard segment to soft segment in 
order to investigate the effect of variation of both the soft segment and the hard segment 
on material properties and morphological characteristics. The calculation of the reagent 
masses was based on their respective equivalent weights, which can be seen in the 
following table: 
Table 3.7: Equivalent weights for calculation of reagent masses 
Equivalent weight Soft Equivalent weight Equivalent weight 
Segment/ g Isocyanate / g Extender / g 
1000 125.13 45.06 
The mass used in an experiment is then calculated as follows. 
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aEqho + bEqss + cEq Exl = rn, where a, b, c are the number of equivalents (Equation 3.1) 
Furthermore, for each equivalent of isocyanate, the equivalent proportion of hydroxy 
components must be added. Additionally, an excess of isocyanate of 1.07 was used. The 
following equation is obtained. 
a =(b+c)x 1.07 (Equation 3.2) 
For a soft segment content of 60% and a total experiment mass of m = 100g, 
1000 
b=60=0.06 
Inserting Equation 3.2 into Equation 3.1 and using the equivalent masses the following 
equation is obtained. 
[( 0.06 + c) x 1.07] x 125.13 + 60g + c x 45.06 = 100g 
Resolving for c gives c = 0.179. This results in 8.1g of extender. The number of 
equivalents of the isocyanate, a, can then be calculated very easily. 
a = (0.06 + 0.179) x 1.07 = 0.256 
This leads to a total mass of isocyanate as follows. 
rn"o = 0.256 x 125.13g = 32.0g (for an experiment ofm = 100g) 
An Excel Spreadsheet was used to calculate the masses for each experiment. A mass of 
160g was considered to be sufficient to obtain enough sample for the physical testing. 
The following table shows the reagent masses (for a total mass per experiment of mtota! = 
160g) and molar ratios for all experiments. 
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Table 3.8: Total reagent masses and equivalent ratios for all experiments 
Ratio SSIHS mss/g Illoxt 1 g misol g eqss eqext eqiso 
60/40 96 12.9 51.1 1 2.98 4.26 
70/30 112 8.3 39.7 1 1.65 2.83 
80120 128 3.7 28.3 1 0.65 1.76 
3.3.2. Oegassing and drying of soft segment and chain extender 
Both soft segments and chain extenders are hydrophilic materials and can attract 
substantial amounts of water, which may in turn react with the isocyanate, hence leading 
to the development of amine groups which may affect the properties of the finished 
polyurethanes considerably. Hence, both the polyester soft segments and the extender 
were dried in a vacuum oven under a pressure of <lkPa at 80°C for 2-3h prior to 
reaction. 
3.3.3. Preparation of the mould 
The mould surface was carefully treated with a thin layer of CIL RELEASE 1711 E and 
preheated to curing temperature. The moulds can be closed and consist of two steel disks, 
the lower one holding a rubber O-ring in a groove. This rubber O-ring acts as the side 
wall of the mould. The mould lid and bottom are screwed together by spring-supported 
screws which compensate for volume contraction during polymerisation. A sketch of the 
mould can be seen in Figure 3.1. 
3.3.4. The one-shot process 
The degassed polyol and chain extender were poured into a disposable glass vessel and 
were manually stirred for one minute and subsequently degassed until the gas evolution 
stopped: (typical duration of 2 minutes). The mixture was then brought to the reaction 
temperature (typically 60°C). Solid MD!, (at room temperature), was then manually 
stirred in and the mixture was vigorously stirred for up to five minutes. The highly 
viscous mixture was then carefully degassed under gradual increase of the vacuum 
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(typical duration 10 minutes) until gas evolution stopped and was then poured into the 
preheated mould. 
Figure 3.1: Mould used/or curing the PUR samples 
4I_-. .... ~I.R.M.b.er.o.-ru •. n.g~ ........ ~,. 
+--l 20.5 cm i==::=========::==~---.~ 
3.3.4.1. Difficulties with the one-shot system 
The application of the one-shot system led to various problems, which were eventually 
considered to be severe enough to switch to the prepolymer process alone. These various 
problems and the efforts to overcome them are listed below: 
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1) Air entrapment 
During the incorporation of the solid MDI into the mixture of soft segment and extender, 
quite substantial amounts of air were entrapped. Careful gradual increase of vacuum to 
prevent the mixture from foaming up in the reaction vessel had beneficial effects. This, in 
tum, led to pot life problems, as it was not always possible to remove all the air bubbles 
while the system was still castable. 
Other attempts to overcome these problems were: 
a) melting the diisocyanate before the reaction decreased the pot life very much. 
(sometimes to no more than one minute). This led to inhomogeneities in the final 
products due to macrophase separation as the mixing time had to be diminished; 
b) degassing the mixture when in the mould. This took longer to attain a substantial 
vacuum. Additionally, sensitive control of the gradual increase of vacuum was not 
possible. Therefore, a pot life problem arose; 
c) the use of wider vessels led to a higher ratio of mixture surface to bulk. This 
sometimes brought about improvements. 
2) Compatibility problems 
1,4-Butanediol is not fully compatible with the polyester polyols, and the obtained 
suspension is not very stable. Hence, there was a risk of macrophase separation occurring 
before the viscosity has increased substantially. This led in some cases to unreacted areas 
in the final products. By decreasing the temperature of the mixture, the stability of the 
suspension was increased. This obviously led to additional problems when removing the 
air because of the increased viscosity. 
3) Cracks due to internal stresses in the material 
Local differences in phase segregation and crystallisation (hence local differences in 
shrinkage) led to internal stresses, especially when closed moulds are used. This problem 
occurred only very rarely. Slight alterations of the reaction conditions to alter phase 
segregation and crystallisation kinetics brought about improvements. 
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3.3.4.2. Polyurethane sample characteristics 
Table 3.9. Polyurethane samples made by the one-shot process 
Composition (HS/SS) Properties of SOftSegIIlent Comments 
.. .. 
(60/40) EG/AA, Mn=2400, f-=2, Samples good, sufficient 
(70/30) polyester polyol based for mechanical testing 
(80120) on EG and AA 
(60/40) BDO/ AA, Mn=2200, f=2, Samples good, sufficient 
(70/30) polyester polyol based for mechanical testing 
(80/20) on BDO and AA 
3.3.5. The prepolymer process 
The polyol was preheated to 70°C in a glass flask, and a nitrogen blanket was applied 
over the liquid. The MD! (solid) was then carefully stirred into the polyol, and the 
reaction was conducted at 70°C for 30 min. To verify the completion of the reaction, the 
ASTM titration method No. D 2572_91 123 was applied and the free isocyanate content 
was determined. A deviation of 5% from the theoretical value was considered as a 
sufficient criterion for the completion of the reaction. The prepolymer was then removed 
from the glass vessel into a disposable glass vessel and degassed until gas evolution 
stopped (ca. 15 - 20 min). Then the prepolymer was brought to the reaction temperature 
(50°C), and the chain extender was stirred in mechanically for up to 2 min. The mixture 
was then degassed until gas evolution stopped (1-4 min) and was then carefully poured 
into the preheated mould. 
3.3.5.1. Difficulties with the prepolymer process 
This process led in single cases to problems when the viscosity of the prepolymer was too 
high to conduct efficient incorporation of the extender. This problem appeared 
sometimes, when the highest soft segment concentration (80%), which brings about the 
highest molecular weight of the prepolymer and the lowest concentration of free 
isocyanate groups in the prepolymer, was prepared. The polycarbonate polyols have the 
least favourable processing properties of all chosen soft segments as already discussed 
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above. In some cases the extender was found to have not fully reacted, especially when it 
was stirred in manually. This problem disappeared when a high speed mechanical stirrer 
was employed. 
3.3.5.2. Polyurethane sample characteristics 
Tables 3.10 and 3.11 show the sample characteristics of all the PURs obtained via the 
prepolymer route. 
Table 3.10. Polyurethane samples (polyadipates) prepolymer process 
Composition (HS/SS) Properties or Soft Segment Comments 
. 
. 
(60/40) EG/AA, Mn=2400, f=2, Samples almost perfect in 
(70/30) polyester polyol based appearance, sufficient for 
(80/20) on EG and AA mechanical testing 
(60/40) BOO/AA, Mn=2200, f=2, Samples almost perfect in 
(70/30) polyester polyol based appearance, sufficient for 
(80/20) on BOO and AA mechanical testing 
(60/40) HOO/ AA, Mn=2300, f=2, Samples almost perfect in 
(70/30) polyester polyol based appearance, sufficient for 
(80/20) on 1,6-HOO and AA mechanical testing 
3.3.6. Curing 
Curing was conducted at 70°C for 16 hours. These parameters were kept constant for all 
materials and both processing techniques. 
3.3.7. Nomenclature for the polyurethanes 
In all cases, the samples were named after their respective soft segments. As the HS/SS-
ratios were varied, the theoretical soft segment content is quoted as well. Most materials 
in this thesis were produced via the prepolymer route. If there is no reference in the text 
to the preparation route, it can be assumed that the preparation was the prepolymer 
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process. In the case of materials produced by means of the one-shot process, the 
nomenclature works in the same way, but the one-shot process is referred to in the text or 
in the heading ofthe respective graph or table. 
Table 3.11. Polyurethane samples (polycaprolactones) prepolymer process 
Comp?~ition(H~/SS) Pr?p~rti~~?f Soft ~~~?I~~t ..•.• Comments 
.;.; .. . " .... . . 
(60/40) PCL(EG), Mn=2200, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80120) initiated with EG mechanical testing 
(60/40) PCL(BDO), Mn=2100, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80120) initiated with 1,4-BDO mechanical testing 
(60/40) PCL(HDO), Mn=2100, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80/20) initiated with 1,6-HDO mechanical testing 
(60/40) PCL(NPG), Mn=2200, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80/20) initiated with NPG mechanical testing 
(60/40) PCL(EBPD), Mn=2200, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80/20) initiated with EBPD mechanical testing 
(60/40) PCL(DEG), Mn=2000, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80/20) initiated with DEG mechanical testing 
(60/40) PCL(CHDM), Mn=2100, f=2, Excellent samples, 
(70/30) polycaprolactone polyol sufficient for 
(80/20) initiated with CHDM mechanical testing 
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3.4. Characterisation of the polyurethanes 
3.4.1. Differential Scanning Calorimetry (DSC) 
3.4.1.1. Introduction 
Differential scanning calorimetry (DSC) is an analysis teclmique in which a sample and a 
reference are subjected to a temperature (heating or cooling) programme. Both sample 
and reference temperature are continuously monitored, and by means of calibration and 
measuring temperature differences between sample and reference calorimetric processes 
can be determined qualitatively and quantitative1y124. More strictly speaking, the method 
applied here is heat-flux DSCl2S. Another less popular method is the so-called power-
compensated DSCl2S. Here, sample and reference are heated separately, and a 
temperature difference between reference and sample cell would ideally cause a change 
of the heating rate. 
During recent years, classical DSC has been developed further and the so-called M-
TDSC (modulated-temperature DSC) is now on the verge of becoming a major thermal 
analysis teclmiquel26. Here, the linear heating program is superimposed by a temperature 
modulation, which in this case is sinusoidal. The reason for this is the assumption that the 
response of a material to a given heat influx consists of two components, one of which 
depends on the absolute value of temperature and the other one depends on the rate of 
change of temperature. The first one is related solely to the heat capacity of the sample 
and the second one depends on the reaction rate of a kinetically controlled process. As a 
consequence, the heat response of the sample can be discriminated into the so-called 
'reversing signal' (which corresponds to the heat capacity of the sample) and the total heat 
flow. This can be expressed by the following equationl28: 
dQ Tt = Cp f3 + f(T,t) 
dQ 
dt 
Cp 
Equation 3.3 
is the total heat flow at any point in time 
is the heat capacity of the sample 
is the heating rate 
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f(T,t) is heat flow resulting from kinetic processes 
The difference between the total heat flow and the 'reversing signal' (Cp~), is called 'non-
reversing signal'. Hence, the 'reversing signal' corresponds to all those processes which 
are under the given time and temperature modulations fully reversible and not kinetically 
hindered, hence only subjected to thermodynamic control. An example for such a 
transition is the glass transition. The 'non-reversing signal' mirrors effects which are 
completely irreversible or subjected to some kinetic control and hence not fully reversible 
under the given time and temperature modulation conditions. The mathematical 
deconvolution of the two effects is conducted by means of Fourier transformationl26. 
Examples for such transitions include melting and crystallisation processes, oxidation, 
curing and evaporationl26• 
3.4.1.2. Equipment and procedure 
The instrument used was a TA Instruments 2920 modulated DSC. The M-TDSC scans 
were conducted from -100°C to 250°C, usually with a heating rate of 3°C/min. The usual 
temperature modulation was ±I QC/min. The samples were all in the size of 8-10 mg. 
Closed aluminium crucibles were used and nitrogen was applied as a purge gas at a rate 
of 60 mVmin. Glass transitions of the pure soft segments were determined by means of 
melting the soft segments in the DSC at 60°C, and quenching the samples in liquid 
nitrogen to remove as much crystallinity as possible. 
The glass transitions were determined from the peak temperatures of the heat capacity 
differentials (dCp/dT). As the glass transition can be recognised from a step increase in 
heat capacity (with Tg being the inflection point of that increase), the differential of the 
heat capacity delivers a peak, the maximum of which is T g. 
3.4.2. Dynamic Mechanical Thermal Analysis (DMTA) 
3.4.2.1. Introduction 
Dynamic mechanical thermal analysis (DMTA) is commonly used for the determination 
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ofTg, structure and phase separation of polymer materialsJ24. It can be simply described 
as applying an oscillating force to a sample and analysing the material's response to that 
force. This oscillating force causes a sinusoidal stress to be applied to the sample, which 
generates a sinusoidal strain. The resultant sine wave response of the sample is measured 
and the force is then electronically separated into two components - an elastic stress and a 
viscous stress. The elastic stress of the material is the component of the measured stress 
that is in phase with the applied strain, and the viscous stress is the component of the 
stress that is in phase with the strain rate, or 900 out of phase with the strain. Thus, both 
the strain amplitude and strain rate dependence can be measured, giving infonnation on 
both the elastic and viscous properties of materials. 
Dynamic mechanical properties of a material such as modulus, stiffness and damping 
properties can be calculated from the measured strains and stresses. The dynamic 
mechanical properties of the material are described in tenns of a complex dynamic 
modulus (E*). 
E* =E' + jE" Equation 3.4 
The elastic modulus (E') of a material is defined as the ratio of the elastic (in-phase) 
stress to strain and relates to the material's ability to store energy elastically. The loss 
modulus (E") is the ratio of the viscous (out of phase) component to the strain, and is 
related to the hysteresis energy dissipation. The ratio of these moduli (E"IE') is defined as 
tan delta, and indicates the relative degree of viscous to elastic dissipation, or damping, of 
the material. The glass transition temperature, T g, can also be deduced from the 
maximum peak temperature ofthe E"curve. 
3.4.2.2. Experimental procedure 
DMTA was undertaken over the temperature range -lOO to 1800 C using a TA 
Instruments 2980 Dynamic Mechanical Analyser model at a frequency of 1Hz, a strain 
amplitude setting of 20llm, a static force setting of 0.07N, an auto tension setting of 
150%, and a heating rate of 3 °C.min-I . A film tension clamping system was used. 
Specimens were cut to 30 mm in length by 5 mm in width. The thickness of the 
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specimens varied between 1.0 and 2.5 mm. 
3.4.3. Wide-Angle X-Ray Diffraction (WAXD) 
3.4.3.1. Introduction 
Wide-angle x-ray diffraction is a common method to determine the crystalline 
morphological features of a polymer. It can be used to describe the degree of crystallinity, 
the crystaIIite size and crystal orientation. In the case of exposing a crystalline structure to 
x-rays, the x-rays will be scattered according to Bragg's lawI27. 
nA = 2d.sin(f) Equation 3.5 
Here, A. is the wavelength of the x-rays, 29 is the scattering angle, n is an integer 
indicating the scattering order (assumed to be 1 in the calculation) and d is the distance 
between planes of atoms. 
Figure 3.2: Clamp unit for W AXD experiments under strain 
3.4.3.2. Experimental procedure 
W AXD was undertaken on a Bruker D8 instrument. A copper x -ray tube (A. = 0.15418 
nm) was operated at 40 kV and 40 mA and a graphite monochromator was used to 
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remove the K~ component. Slit widths were 1 mm (divergence slit), 1 mm (scatter slit) 
and 0.2 mm (receiving slit). The tube-sample distance was 300 mm. 
W AXD under strain was undertaken on the same equipment, but with a purpose-built 
clamp system which allowed for manual strain of the PUR samples up to 500%. The 
sample were stretched in the direction of the incoming beam (parallel). Figure 3.2 shows 
the clamp unit. 
3.4.4. Density 
3.4.4.1. Experimental procedure 
The displacement method (Method A of ISO 1183128) was applied. Specimens of 
approximately 2 g were cut, briefly dipped into methanol (in order to remove release 
agent residues), and weighed in air and in deionised water at ambient temperature. The 
water temperature was measured to +/- 0.1 °C and the density of the water Pwater was taken 
from a density table (DIN EN 623 Part 2129) and calculated through interpolation to +/-
0.1 DC. Strict attention was paid to the absence of any air bubbles on the surface of the 
specimens. A fine wire was used for the suspension of the specimens. Here, the buoyancy 
of the wire can be neglected. The density of the specimen Psp was then calculated as 
follows. 
rn, 
Psp = m _ m x Pwater 
, 2 Equation 3.6 
psp is the density of the specimen 
m1 is the mass of the specimen in air 
m2 is the mass of the specimen in water 
pwater is the density of water 
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3.4.5. Small-Angle X-Ray Scattering (SAXS) 
3.4.5.1. Introduction 
SAXS (small angle X-ray scattering) is a very powerful technique to detect and measure 
structural features of colloidal size (1 run - 100 run). Electron density inhomogeneities 
between different phases cause x-ray scattering, typically at angles less than 2°. The 
intensity of scattering increases with the difference in electron density between the two 
(or more) different regions causing the scattering in the first placel3o• The following 
sketch illustrates the scattering mechanisms. 
I q I = 41t/A.sinS 
I q I is the scattering vector, A is the wavelength and 29 is the scattering angle 
The interdomain spacing, d, can then be calculated from the maximum in the scattering 
data29, qmax, as follows: 
d = 21t/qmax Equation 3.7 
Thus, the average interdomain distance is accurately and readily available. The method is 
also suitable for studying temperature and mechanical effects. 
3.4.5.2. Experimental procedure 
The small-angle X-ray scattering experiments were carried out using a Kratky Compact 
Small Angle system with a stationary anode copper target X-ray tube (wavelength A = 
0.1542 run) at room temperature. The fine-focus X-ray generator was operated at 45 kV 
and 40 mA. The measured intensity was desmeared and corrected for background 
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scattering!30 and photoelectric absorption!3! in the sample. 
The experiments were carried out at the Changchun Institute of Applied Chemistry at the 
Chinese Academy of Sciences, Changchun, People's Republic of China. At the time of 
the experiments, the SAXS equipment in the IPTME, Loughborough University, was not 
available for experiments because of technical problems. Time did not permit to make 
use ofthe high energy synchrotron SAXS facilities at Daresbury, UK. 
3.4.6. Tear strength 
3.4.6.1. Introduction 
The tear resistance properties were studied to learn more about the chemical and 
morphological factors which influence the mechanical properties in a polyurethane. In the 
case of a trousers test piece, the force-extension curve is recorded and the tear strength is 
calculated from the plateau value of the tearing force according to the following formula. 
F=T.2twith 
3.4.6.2. Experimental procedure 
Equation 3.8 
t is the thickness of specimen / mm 
F is the tearing force I N 
T is the tear resistance or tear strength / 
N -! .mm 
Tear resistance was determined at room temperature according to ISO 6383: Part 1 
(1983)132. The equipment used was a Lioyd Instruments L2000R Tensometer with an 
NLC 2.SkN Load cell. Trouser test pieces were cut and the initial cross-head speed was 
200 mmlmin. One to two test pieces were cut from each PUR sample. In many cases, no 
steady but a constantly increasing tearing force or a slip-knot tearing pattern was 
observed. In such cases, maximum values (or peak values) were taken. A figure 
illustrating this phenomenon can be found it Chapter 5 (Section 5.8.1). 
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A sketch ofthe used trouser test piece specimen can be seen in Figure 3.3. 
Figure 3.3 Tear resistance specimen 
3.4.7. Tensile testing 
Dimensions: Dl = 20mm 
Ll =40mm 
The stress-strain properties were studied to learn more about the chemical and 
morphological factors which influence the mechanical properties in a polyurethane. At 
the same time, the changes occurring during a deformation process were of interest. 
Factors affecting the mechanical properties of a polyurethane include volume fraction of 
hard segments, domain type, size and order, connectivity and the possible occurrence of 
strain-induced crystallisation. 
3.4.7.1. Equipment and procedure 
Uniaxial stress strain properties were determined at room temperature according to BS 
903133. The equipment used was a LIoyd Instruments L2000R Tensometer with an NLC 
2.5kN Load cell. Dumbbell test pieces (type 2) were cut and the cross-head speed was 
500 mm/min. Three test pieces were cut from each polyurethane sample (or one, ifthere 
was only a limited amount of sample, as in the case of most materials based on the one-
shot process), and the average data were recorded. The following properties were 
determined: 
1) Ultimate Tensile Strength 
The ultimate tensile strength is the maximum tensile strength reached in stretching the 
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test piece to its breaking point. It is calculated as follows and the results are expressed in 
MPa. 
Ultimate Tensile Strength (UTS) = Force at break / N 
Initial area Ao / m2 
Equation 3.9 
It has to be noted here that the UTS refers to the initial cross-section of the test specimen 
and is thus an engineering stress. 
2) Young's Modulus 
Young's modulus (or the modulus of elasticity as it is also called) refers to the elastic 
response of the material to stress, i.e. the linear part of the stress-strain curve before 
plastic deformation occurs. It is calculated, from the linear section of the stress-strain 
curve, as follows, the results are expressed in MPa. 
Young's modulus = ( ) 
Ao x 1-/0 
F, x I 
Equation 3.10 
where FI is the force at deflection I / N 
I is the deflection I / m 
Ao is the initial area of the tensile bar / m2 
10 is the initial length of the tensile bar (distance 
between clamps) / m 
3.4.8. Pulsed Force Microscopy (PFM) 
3.4.8.1. Introduction 
Pulsed force microscopy (PFM) is a novel thermal microscopy method134,135,136. 
Basically, it is a variation of atomic force microscopy (AFM), which is a method of 
mapping surfaces using the electrostatic, elastic and adhesive properties of a surface by 
means of a mechanical probe. PFM is an intermittent contact mode, during which the 
probe is subjected to a relatively low-frequency modulation. The operating frequency 
(100 - 2000Hz) is at least an order of magnitude less than the resonant frequency of the 
soft (single) cantilevers generally used in AFMI37. The operating principlel3? can be seen 
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in Figure 3.4. 
Figure 3.4: Operating principle of PFM 
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At the beginning of each measurement cycle, the tip is a certain distance above the 
sample surface and is gradually approached. Atomic forces (van der Waals forces) 
between probe and sample will make the tip snap onto the surface when the probe is 
sufficiently close to the surface (A). The fixed end of the cantilever is then continued to 
be pushed towards the surface until the repUlsive forces acting on the probe tip reach a 
user-determined maximum (B). Subsequently, the cantilever end is moved upwards until 
the forces on the tip reach zero (neutral position) and beyond where the sample exerts 
attractive forces on the probe tip. Eventually, the upwards force from the bending of the 
cantilever on the probe tip will exceed the attractive forces by the sample surface. At this 
point (C), the tip snaps loose from the surface and the pull-ofjforce will be recorded. The 
cantilever will subsequently oscillate freely, damped towards the baseline (D). Both 
position of the probe and forces acting on the probe will be monitored continuously. The 
position of the tip with respect to the forces acting upon it will then give topographical 
information about the sample surface and the recorded pull-off forces acting on the probe 
will give information about the adhesive nature of the sample surface. From the point E 
in Figure 3.4. (basically a pre-selected point between A and B), information about the 
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stiffuess of the sample is obtained. The slope of the secant between E and B is steeper for 
materials with a relatively high modulus and vice versa. By scanning larger surface areas, 
different images can be obtained. In the case of heterogeneity like e.g. a copolymer 
consisting of an amorphous and a crystalline phase a contrast image can be obtained. The 
resolution is very high at up to a few tens of nanometres. Images are eventually obtained 
by scanning over a larger sample area. 
3.4.8.2 Experimental procedure 
A Witec pulsed force module was used, (Wissenschaftliche Instrurnente und Technologie 
GmbH, Albert-Einstein-Allee 15, D-89081 Ulm, Germany) coupled to the TA 
Instruments (TAl) 2990 Micro-Thermal Analyzer. A Tektronix TDS 210 digital 
oscilloscope was used to monitor the modulated force versus time signal and to set the 
measurement points. TM Microscopes silicon probes were used. These have a resonant 
frequency of 23-38 kHz, a nominal force constant of 0.2 Nm-1 and a tip radius of 
approximately 10 nm. Both these probes feature a single "diving board" cantilever. The 
instrument parameters were set as follows: a modulation frequency of 500 Hz; an 
amplitude at 5% of maximum; an indentation "force signal" (set point) of 5 nA; a scan 
frequency of 0.5-1.0 Hz. 
3.4.9. Transmission Electron Microscopy (TEM) 
3.4.9.1. Introduction 
The transmission electron microscope uses a beam of electrons to form an image and can 
provide structural information at levels down to atomic dimensionsl24• Electron scattering 
occurs as a consequence of the interaction of the electron beam with an atom nucleus 
and/or its electron shell. This mechanism can be used in two different ways: either the 
angular distribution of scattering can be observed in order to obtain a diffraction pattern, 
or the spatial distribution can be viewed in order to form an image138• This method 
shows distinct advantages over conventional light microscopy in terms of resolution. 
Resolution in microscopy is directly proportional to the wavelength ofthe incident beam, 
hence the far superior resolution of up to 0.2 nm compared to light microscopy (500 nm). 
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Usually, the contrasts obtained in polymers are not very strongl24• This results from the 
fact that the atomic numbers in polymers are usually quite low, which means there is only 
a slight degree of interaction between the atomic nuclei in the matter and the incoming 
beam. However, it is possible to stain selected phases in a polymer with a heavy metal 
compound such as osmium tetroxide which reacts with C=C double bonds. This heavy 
metal compound then scatters the electron beam more strongly and opens the opportunity 
to make phases visible. 
3.4.9.2. Experimental procedure 
A small piece of material was encapsulated into an epoxy resin, stained with osmium 
tetroxide, and microtomed to a thickness of approximately O.1llm. The images were 
recorded in a JEM - 100CX instrument. 
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Chapter 4: Results and Discussion I: Polyadipate-PUR 
Systems 
4.1. General remarks 
In this chapter, the structure-property relationships for several series of PUR elastomers 
based on different polyadipate polyols will be covered. The materials are as follows: 
a) Nine materials based on three different polyadipate soft segments (EG/AA, BOO/AA 
and HOO/AA) and three different soft segment contents (60%, 70% and 80%), as 
outlined in Chapter 3, section 3.3.5.2. The soft segment contents were chosen in order 
to obtain a range of materials with a broad range of Shore A hardness (from 60 Shore 
A to ;:: 95 Shore A). These materials and their properties will be discussed in the first 
part of this chapter. All of them are based on the prepolymer process. 
b) Six additional materials based on two different polyadipate soft segments (EG/ AA and 
BOO/AA) and three different soft segment contents (60%,70% and 80%), as outlined 
in Chapter 3, section 3.3.4.2. These materials are based on the one-shot process and 
will be discussed in the second part of this chapter. 
4.2. Differential Scanning Calorimetry (DSC) 
4.2.1. General remarks 
Usually, the PURs showed at least four different transitions. 
a) A baseline shift, corresponding to the glass transition of the soft segments. This 
transition invariably lay far below room temperature at between -30°C and -80°C. 
Plotting ilcp/ ilt and taking the integral value under the peak, both T g and ilcp at T g 
were determined. The position of T g in relation to the T g of the pure soft segments 
depends on many factors, such as intersegmental mixing and interphasial 
properties35•J9-47 and crystallinity within the soft segment phase42• This will be 
explained in greater detail below. 
b) A more or less strongly expressed endothermic peak, corresponding to the melting of 
77 
crystalline regions within the soft segment phase (labelled Tmss in Figure 4.1). This 
peak invariably was above room temperature and below 50°C, but was not always 
observed. The presence and size of this peak were strongly influenced by several 
factors, such as the chemical nature of the backbone of the soft segments, the 
composition of the PUR (and, hence, the presence of hard segment micro domains), 
intersegmental mixing, interphasial properties and kinetic factors. This will be 
discussed in greater detail below. 
c) A broad endothermic transition between 75°C and 125°C. This transition was not 
always present and proved to be reasonably difficult to interpret conclusively. The 
presence and size of this transition depended on the composition of the PUR and the 
chemical structure of the soft segment, but also on kinetic factors such as storage time. 
This transition will be referred to as Tl and will be discussed in greater detail below. 
d) A broad endothermic transition between 125°C and 210°C sometimes comprised of 
several different transitions. This transition is usually referred to as corresponding to 
both disintegration of intersegmental order within the hard segment microdomains and 
a partial transition to a disordered state139• A conclusive interpretation ofthis transition 
is very difficult. Size and shape depended on many factors such as hard segment 
concentration, the chemical backbone of the soft segment, soft segment phase 
crystallinity, intersegmental mixing and interphasial properties. This transition will be 
referred to as T2 and will be discussed in greater detail below. 
Other phenomena, which were occasionally observed include additional broad range 
melting of crystalline soft segment regions and crystallisation of soft segment regions. In 
a very small number of cases, a shift of the specific heat capacity, cp, underlying the 
endothermic transition Tl was observed, indicating the glass transition of the hard 
segment regions (reported to be at about 1090C 140). 
In Figure 4.1., the thermograms ofa series ofPURs based on an EG/AA soft segment can 
be seen. Each of the transitions described above are exhibited more or less strongly. 
Between 25°C and 50°C the melting peaks of crystalline regions in the soft segment 
phase can be recognised clearly. 
M-TDSC also opens the opportunity to show additional parameters such as cp, reversible 
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(MIrev) and non-reversible heat flow (MInon-rev) ,IJ.CplIJ.T and IJ.CpllJ.t (Figure 4.2). The last 
one can be used to calculate the change of cp, lJ.ep, during a glass transition by simply 
integrating the area underneath the curve. This is a far more precise measurement than 
determining the shift of the baseline in the conventional heat flow diagram (MI vs T). 
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Figure 4.1: Thermograms ofPURs based on an EO/AA soft segment 
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In Figure 4.2, a number of additional traces available by means ofM-TDSC can be seen, 
namely the reversing heat flow, the non-reversing heat flow and the complex heat 
capacity, cp·, as outlined in Chapter 3, section 3.4.1.1. In the Tg region at ca. -45°C, both 
conventional and reversing heat flow show a baseline step, indicating the reversible 
character of the glass transition. Equally, an increase of cp can be seen. The contribution 
of T g to the non-reversing heat flow signal is negligible. This tallies well with theory 
141,142. As for the melting peaks of the crystalline regions in the soft segment phase, it can 
be seen that the melting peak has both reversible and non-reversible components and 
consists of two melting regions; the first one starting at ca. O°C, probably as a result of 
further crystallisation during the DSC experiment. The second one starts between 25°C 
and 50°C. It can also be seen that the cp values increase and decrease again, indicating 
that the peaks are a result of genuine melting and do not involve any kind of glass 
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transition. As for the transitions at higher temperature regIOns, TI is not strongly 
exhibited by this sample. However, a small and entirely non-reversible transition can be 
seen between 50°C and 100°C. This transition will be discussed in greater detail below. 
T2 is also not very strongly expressed in this sample. However, a small transition which 
is entirely non-reversible can be seen at ca. 150°C. This transition will also be discussed 
in greater detai l below. 
Figure 4.2: Thermograms of a PUR based on 80% PCL(BDO) soft segment 
Thermogram of a PUR based on 80% PCL(800) 
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Table 4.1 shows the glass transition temperatures of the examined PUR elastomers based 
on polyadipate soft segments and the glass transition temperatures of the pure soft 
segments. The latter were obtained by DSC by heating the samples to 70°C and 
subsequently quenching the samples in liquid nitrogen and reheating it to avoid excessive 
crystallisation of the soft segments. Soft segment crystalline regions impede the mobility 
of amorphous chains, and, thus, increase T g as a larger number of amorphous chains can 
be expected to be in the interphasial region between crystalline and amorphous regions. 
The Tgs of the pure soft segments decrease with an increase of the aliphatic block in the 
80 
diol group. This tallies well with theory, as a carbonyl group can be expected to shift Tg 
upwards more strongly than a methylene group, i.e. the group contribution of a carbonyl 
group to Tg is higherl43. Therefore, the soft segments containing higher relative amounts 
of carbonyl groups (e.g. EG/AA) can be considered less likely to undergo segmental 
motion. 
Table 4.1: TgS of PURs based on poLyadipate soft segments and of the pure 
soft segments (the different error margins reflect the different tendencies of 
the pure soft segments to undergo crystallisation) 
Sample T 1°C g 
60% EG/AA -32 +1- 1°C 
70% EG/AA -3 1 +1- l oC 
80% EG/AA -31 +1- 1°C 
100% EG/AA -52 +1- 1°C 
60% BDO/AA -51 +1-l oC 
70% BDO/AA -50+1- l oC 
80%BDO/AA -45 +1- 1°C 
100% BDO/AA -69 +1- 3°C 
60% HDO/AA -48 +1- 1°C 
70% HDO/AA -45 +1- 1°C 
80% HDO/AA -36 +1- 1°C 
100% HDO/AA -72 +1- 5°C 
As can also be seen in Table 4.1, there is also a significant increase of Tg in the PUR in 
comparison to the T g of the pure soft segment. This indicates that the phases are not 
completely phase-separated, but that there is a significant amount of intersegmental 
mixing. In the cases ofBDO/AA and HDO/AA, there is an increase ofTg with increasing 
soft segment content. The first conclusion wou ld be to relate this to an increasing amount 
of intersegmental mixing. This would tally with the literature39 as a decreasing hard 
segment block length would increase theml0dynanlic compatibility of soft and hard 
segments . Additionally (and probably more significantly), a decreasing voLume of hard 
segment blocks would decrease the stati stical probability of different hard segment 
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blocks finding each other in order to fonn microdomains. However, in many cases21 ,41,44-
46, 144 the Tgs of PURs do not vary a great deal with composition . Therefore, it can be 
assumed that the decrease of T g can be related to the more or less strongly expressed 
tendency of the so ft segment blocks to undergo crystallisation. 
Table 4.2.: Heat of fusion oJ soft segment and normalised heal oJ fusion of 
soft segment clyslallinity for PURs based on polyadipale soft segments 
Sample Heat of Fusion 1 J.gI'UR -I Nomlalised Heat afFusion 1 J.gss-
(+1- 10%) 1 (+1-10%) 
60% EG/AA 3.4 5.7 
70% EG/AA 5.8 8.3 
80% EG/AA 0.75 0.93 
60% BDO/AA 3.3 5,5 
70% BDO/AA 11.6 16.6 
80% BDO/AA 30.5 38.2 
60% HDO/AA 22.3 37.2 
70% HDO/AA 26.7 38.1 
80% HDO/AA 46.8 58,5 
Table 4.2. shows the heat of fusion and the nonmalised heat of fusion (nonmalised with 
respect to the theoretical soft segment content) for all PURs based on polyadipate soft 
segments (usually occurring at ca. 40°C). Whilst the absolute values above should be 
treated with some caution, it can yet be seen that the tendency for soft segment 
crystallisation is generally increasing both with increasing soft segment content and with 
increasing length of the aliphatic chain in the soft segment block. The enthalpies here are 
directl y comparable, as similar polyesters have been shown to have similar heats of 
fusion , LlHrH The effect of the length of aliphatic blocks on the properties of polyesters 
has been described previously in the Iiterature73 and has already been discussed in 
Chapter 2. The increasing likelihood of the polyester soft segments to crystallise with an 
increasing length of the aliphatic block is in good accordance with theoryH Equally, the 
increasing tendency towards soft segment crystallisation with decreasing hard segment 
content could be expected. Increased soft segment crystallinity accounts also for the fact 
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that the Tg ofa pure HDO/AA soft segment is lower than the Tg ofa pure BDO/AA soft 
segment, but, in the fini shed PURs, the trend is actually reversed. The steric hindrance 
provided by hard segment blocks or hard segment microdomains decreases with 
decreasing hard segment content, and, therefore, increases the likelihood of soft segment 
chains to align and crystallise. The most strongly developed crystallinity in the materia ls 
based on HDO/AA even leads to problems finding Tg as only a very small amount of soft 
segment chains actually undergo the glass transition. It has to be pointed out again, 
however, that the absolute values of the heat of fusion have to be treated with some 
caution. Often, melting seemed to start not far above Tg, recognisable from an 
endothermic baseline shift in the non-reversible heat flow curve. This made it very 
di flicult to determine the underl ying baseli ne of the melting peak, and , hence, the onset 
of the melting peak. Additionally, in some cases two melting peaks were observed, 
resulting from two different types of crystallini ty. All results are summarised in Table 4.2 
and clearl y indicate general trends. 
As has already been shown, the level of crystallinity differed remarkably and depended 
on the soft segment type and amount. It was assumed that kinetic factors determining soft 
segment crystallinity also depended on the soft segment type. This wi ll be discussed 
below. 
Table 4.3 shows the heat of fusion associated with TI . The data were nonnali sed with 
respect to the theoretical hard segment content. The heat of fusion involved is usually 
very small. The tendency of Tl to appear seems to depend on the character of the soft 
segment. With increasing aliphatic block length in the soft segment, TI seems to become 
less li kely to occur. In the past, TI has attracted the interest of many researchers, but the 
explanations have so far not been conclusive. There are currently three different opinions. 
Firstly, Cooper et a1.37,91 ,92 stated short-range order transitions within the hard segment 
microdomains as the main reason for the appearance ofTI . Secondly, Koberstein et al. 145 
explained their results by segmental-mixing effects of hard segment blocks which are not 
associated in crystalline, or paracrystalline, structures. Thirdly, Chen94 et al. indicated 
that Tl might be a result of an en thalpy relaxation process near the Tg of the hard 
segments due to physical ageing. At a later stage in the project, a quenching study will be 
repol1ed in order to understand better the reasons for thi s transition. As this study was not 
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executed on the above materials, but on two different PCL-based materials, the results are 
not included here. These transitions also correspond to a mechanical relaxation detectable 
via OMTA as a decrease in the sto rage modulus, G'. 
Table 4.3. Heat ollusion (Tl) and normalised heat ollusion (Tl) lor a series 
01 PURs based on polyadipate soft segments (transition occurring between 
75 Gnd 125°C) 
Sample Heat of Fusion (TI) 1 Nomlali sed heat of Fusion 
J .gPUR· 1 (+1- 10%) (TI) 1 J.gHS·1 (+1-10%) 
60% EG/AA 0.26 0 .65 
70% EG/AA 1.6 5.4 
80% EG/AA 0.69 3.4 
60% BOO/AA N/A N/A 
70% BDO/AA N/A N/A 
80% BDO/AA 0.45 2.3 
60% HDO/AA N/A N/A 
70% HDO/AA N/A N/A 
80% HDO/AA N/A N/A 
Table 4.4 shows the heat of fus ion associated with T2. The data were also nonnalised 
with respect to the theoretical hard segment content. These transitions are usuall y very 
broad and may, therefore, be expected to contain several different processes. The heat of 
fus ion decreases w ith decreasi ng hard segment content. This is not unexpected, as thi s 
transition is usuall y related to phenomena invo lving hard segment microdomai ns as 
already discussed above37,84,85,89.92 The nonnalised data reflect the difficulty of shorter 
and less concentrated hard segment blocks in finding each other, as the absolute value 
refers to the amo unt of hard segment which is theoretically present in the samp le. 
Therefore, the data should show a decrease with decreasing hard segment content. What 
can be seen in the materials based on BDO/AA and HDO/AA, however, is that the 
normali sed heat of fusion increases between 60% and 70% soft segment content and 
decreases again between 70% and 80% soft segment content. Other researchers39 have 
stressed the importance of kinetic factors on the microphase structure of PURs. During 
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the polymeri sation , the viscos ity of the system Increases with increasing molecular 
weight of the hard segment blocks. At the same time, phase segregation and 
"crystalli sation" takes place. This can also be expected to increase the viscosity of the 
system (filler effect)39.146 Certainly, there is one point where the viscosity of the system 
is too high to pemlit complete phase separation, especially if the domains "precipitate" 
rapidly, as would be expected in a highly ordered system like a prepolymer-based PUR. 
MD[JBDO units have been shown to be able to crystallise if they are 3-4 units 10ng147.148 
The fill er effect may be enhanced by the relatively high viscosity of the polyester soft 
segment and their likelihood to crystallise. Such effects have been reported in the 
Iiterature39, as discussed above. 
Table 4.4. Heat oJ jilsion (T2) and normalised heat oJJusion (T2) Jor a series 
oJ PURs based on polyadipate soji segments (transition occurring between 
125 and 210°C) 
Sample Heat of fusion (T2) I Normalised heat of fu sion 
J. gPUR· 1 (+1- 10%) (T2) I J.gPUR-1 (+1- 10%) 
60% EG/AA 11.9 29.8 
70% EG/AA 8.7 28.9 
80% EG/AA 1.8 9. 1 
60% BDO/AA 15.9 39.7 
70%BDO/AA 12.6 42.0 
80%BDO/AA 3.4 17.0 
60% HDO/AA 11.1 27.6 
70% HDO/AA 10.0 33.4 
80% HDO/AA 2.2 11.2 
Support for thi s theory comes from the fact that the polyadipate soft segments used in this 
study have been shown to have viscosity va lues more than twice as high as a group of 
polycaprolactone soft segment material s investigated in thi s studyl49. PURs based on 
these PCL soft segments do not show thi s kind of behav iour. Other researchers usuall y do 
not investigate the heat of fusion, but the behaviour ofT g38-47 The Tg values do, however, 
not retlect an increasing degree of intersegmental mixing between hard and soft segment 
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blocks (an increase ofT g) with increasing hard segment content. As for the detemlination 
of Tg, it has to be stressed that the effects of crystallinity of the soft segment might have 
more innuence on the T g of the so ft segment than possib le kinetic effects, and, therefore , 
increased intersegmental mixing. It also has to be pointed out that T2 occurs over a very 
broad temperature range of up to 110°C. This indicates that there is a whole range of 
different processes occurring (dissociation of hydrogen bonding as described 111 
me ti culous detail by Koberstein et a1 150, intersegmental mixingl 85, melting of 
paracrystalline regions139 or even order-disorder transition I51). This complicates the task 
of interpreting T2 entirely conclusively. T2 was also the subject of a quenching study 
conducted on two materials based on PCL soft segments. The results of that study wi ll be 
discussed in Chapter 5. Figures 4.3 to 4.5 show the thermograms of all PUR material s 
based on the polyadipate soft segments. 
Figure 4.3: Thermograms 0/ all PURs based on the £G/AA soft segment 
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Figure 4.4: Thermograllls of all PURs based 011 the BDOlAA soft seglllelll 
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4.3. Dynamic Mechanical Thermal Analysis (DMTA) 
4.3 .1. General remarks 
All of the thennal transitions which PURs undergo and which were already described 
above are re fl ected in G, G" and tan 15 behaviour. 
a) The glass transition is reflected as both a sharp drop of the storage modulus G', a 
peak with a subsequent drop of the loss modulus G" and, consequently, a peak in 
tan S. Below the glass transition, the chains are essentially immobile and no 
delayed plastic response is taking place. At the beginning of the glass transition, 
the fonnerly stiff chains slowly start to undergo segmental motions and viscous 
flow starts to develop. This is reflected as an increase in the viscous nature of the 
material and thus an increase of the loss modulus G". With further increase of the 
temperature, the chains become more and more mobile and are finally 'tom 
loose'. Hence, the loss modulus decreases again. 
b) The melting process of crysta lline regions in the soft segment phase shows up as a 
drop in G . If there is no melting of crysta lline sections in the soft segment phase, 
and if the material is sufficiently phase-segregated, the storage modulus remains 
at an elevated and fairly constant level over a broad temperature range (enhanced 
rubbery plateau modulus). This is a typical feature ofa block copolymer l 52 
c) T l can, depending on its peak size in the heat flow diagram, sometimes be seen as 
a small drop in G' and an increased amount of viscous flow (increase of G" and, 
consequently, of tan 15). 
d) T2 is co incidental with a large modulus change, i.e. a sharp drop of G and further 
strong increases ofG" and tan 15. 
4.3.2. Results and discussion 
Figure 4.6a shows the storage moduli G' of all PURs based on the EG/ AA soft segment. 
As can be seen, at temperatures below the T g of the soft segment, the storage modulus is 
directly related to the hard segment content, i.e. a higher hard segment content means a 
higher storage modulus due to the hi gher degree of physical crosslinking, the higher 
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degree of cohesion in the hard segment microdomains and the lower degree of interchain 
interaction in materials with higher soft segment content. This is a typical pattern for a 
block copolymer152 This pattern remains constant throughout the entire series with the 
high hard segment content material (60% EG/AA) always having the highest storage 
modulus. [t can also be seen that the drop in storage modulus during the glass transition 
depends directly on the soft segment content, i.e. the higher the soft segment content the 
more material takes part in the glass transition and the larger is the drop in G'. Between 
25°C and 50°C, a second, much smaller drop in G' can be seen, resulting from the 
melting of crystalline sections in the soft segment phase. This step coincides with an 
exothermic transition in the DSC thermograms, which has been already discussed. 
Between 75°C and 100°C, another small drop in G' can be seen in the material containing 
70% EG/ AA soft segment. This drop coincides with Tl discussed above. Above 125°C, 
catastrophic failure starts to occur, coinciding with the onset of T2 in the DSC 
thermograms. 
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Figure 4.6a: Storage modulus G'/or the series 0/ PURs based 0 11 the EGIAA 
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As for the loss modulus G" (Figure 4.6b), the sequence of materials below Tg is exactly 
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the opposite to G'. The material with the highest soft segment content shows the highest 
G", i.e. the highest degree of segmental motion. During the glass transition, this sequence 
changes and with large portions of the soft segment undergoing T g and finally the melting 
of crystalline sections, the viscosity drops continuously with the segmental movements of 
the soft segment chains becoming more and more easy. With the material undergoing Tl , 
addi tional regions of the material (i.e. hard segment blocks) become available for 
segmental motion which at first increases G", but with increasing temperature G" starts 
falling again. 
Figure 4.6b: Loss modulus G" for a series of PURs based on an EG/AA soft 
segment 
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Tan 0 (Figure 4.6c) is interesting with respect to the glass transition, as the peak size is 
normally directly proportional to the volume of the material undergoing T g. This 
behaviour is mainly reflected here with the higher soft segment containing materials 
having a more prominent peak than those with a lower soft segment content. 
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As for the materials based on BOO/AA and HDO/AA, soft segment crystallinity leads to 
strong deviations from what one would expect for a completely amorphous soft segment 
material (Figures 4.7a-c and 4.8a-c). In particular, those materials with 80% soft segment, 
a high percentage of crysta ll ine sections in the soft segment phase leads only to a very 
small drop in G' during the glass transition with 70% BOO/AA or 70% HDO/AA having 
a higher G' during the glass transition. Melting of those crystalline sections eventually 
leads to a further strong drop in G' with the expected sequence (i. e. higher soft segment 
content equi valent to lower G') restored above 50°C. Tan I) shows much more weakly 
expressed glass transitions with large sections of the soft segment not taking part due to 
crystallinity. The glass transitions are also very broad, indicating the presence of large 
anlOunts of impeding environments preventing glassy soft segment chains from increased 
mobility and undergoing glass transition. 
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Figure 4.7b: Loss modulus GO for a series of PURs based on the BDOlAA 
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Figure 4. 7e: Tan of or a series of PURs based on the BDOlAA soft segment 
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Figure 4.8a: Storage modulus G' for a series of PURs based 011 the HDOlAA 
soft segment 
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Figure 4.8b: Loss modulus OH for a series of PURs based on the HDOIAA 
soft segment 
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Figure 4.8c: Tan of or a series of PURs based on the HDOIAA soft segment 
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Table 4.5: Glass transition temperatures (DMTA) for all materials based all 
polyadipate soft segments 
Sample Glass transition temperature Tg / °C (+/-2°C) 
60% EG/AA -21 
70% EG/AA -22 
80% EG/AA -21 
60%BDO/AA -31 
70% BDO/AA -34 
80%BDO/AA -23 
60% HDO/AA -30 
70% HDO/AA -20 
80% HDO/AA -11 
Table 4.5 shows the Tg results for all materials, detennined from the maximum of tan O. 
For the materials based on EG/AA, Tg is fairly independent of the composition. This 
reflects the fact that thi s soft segment is far less likely to crystallise than those w ith longer 
aliphatic blocks, as already discussed, and also provides further evidence that both phases 
are probably close to thennodynamic equilibrium. For the other materials based on 
BDO/AA and HDO/AA, the effect of soft segment crystallinity on Tg is very strong. 
Those crystalline sections prov ide an impeding environment for amorphous soft segment 
chains to undergo the glass transition. Hence, T g is shifted to higher temperatures. This 
effect outweighs kinetic or thennodynamic effects on the degree of phase separation. 
Table 4.6 shows the peak widths at tan oma, / 2. This peak width can be used as a semi-
quant itative estimation of the numbers of impeding environments smearing and shifting 
the glass transition of amorphous so ft segment chains153. The influence of different 
environments can be seen clearly. Usuall y, the peak width decreases with increasing soft 
segment content, indicating the smaller vo lume of hard segment microdomains 
preventing amorphous soft segment chains from undergo ing the glass transition. The 
effect of increasing so ft segment crystalli nity can be recognised from the fact that the 
peaks get increasingly broader with increasing length of the aliphatic soft segment chai n 
(i.e. with increasing amount of crystallini ty in the soft segment as already di scussed). 
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Strongly expressed soft segment crystallinity even outweighs the impeding effects of hard 
segment microdomains in the materials based on HDO/ AA, where the glass transition is 
broader for the material containing 70% soft segment than for that containing 60% soft 
segment. Overall, the peaks are relati ve ly broad, indicating a relatively high degree of 
intersegmental mixing and, more significantly, the presence of more or less strongly 
expressed soft segment crystallinity. 
Table 4. 6: Peak widths at tall o,,,,,x / 2 
Sample Peak wid th at tan onu, / 2 / °C 
60% EG/AA 31.6 
70% EG/AA 19.6 
80% EG/AA 19.1 
60% BOO/AA 61. 1 
70% BOO/AA 45 .1 
80% BOO/AA 22.6 
60% HDO/AA 49.7 
70% HDO/AA 57.0 
80% HDO/AA 47.3 
4.4. Wide Angle X-Ray Diffraction 
4.4.1 . General remarks 
Generally, three things can be expected rrom a wide angle X-ray diffraction (W AXD) 
pattern of a phase-segregated PUR. 
a) A broad halo resulting rrom the amorphous regions in the polymer l3O 
b) DiffTaction of X-rays resulting from crystalline regions in the soft segment 
phase54 . 
c) DiffTaction of X-rays resu lting from crystalline regIOns within the hard 
segment microdomains26,54,1 54,155, 156 
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4.4.2. Results and discussion 
W AXD experiments mainly confinned the findings of the DSC experiments with respect 
to crystallinity in the soft segment phase. Additionally, all PURs showed broad halos . 
Figure 4.9 shows the WAXD diffraction curves for all PURs based on the EG/AA soft 
segment. 
As can be seen in Figure 4.9, all the PURs show a broad halo with between one and three 
more or less small peaks on top of it. Those peaks are resulting from crystallini ty in the 
soft segment phase, as con finned by recording W AXD data of the pure soft segment. As 
can also be seen in Figure 4.9, the likelihood of the EG/AA soft segment crystallising is 
very small. Thi s confirms the results of DSC and DMT A, as already discussed. 
Figure 4.10 shows the W AXD data for the pure soft segment. The peaks correspond to 
the peaks in the W AXD curves of the PUR materials . 
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Figure 4.10: WAXD curve of the pure EG/AA soft segment 
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Table 4.7 shows the diffraction angles and the corresponding Bragg spacings all materi als 
based on the EG/AA soft segment and the pure soft segment. As can be seen, the Bragg 
spacings of the PURs are a ll in good agreement with those of the pure soft segment. 
Table 4.7: Diffraction angles and Bragg spacings for P URs based all EG/AA 
soft segment and pure soft segmellt 
Sample Diffraction angles 29 1 0 Bragg spacings 1 nm 
60% EG/AA 20.4 2 1.4 24.4 0.435 0.415 0.365 
70% EG/AA 20.3 2 1.4 24.4 0.438 0.415 0.365 
80% EG/AA 20.4 21J 24.3 0.435 0.417 0. 366 
100 % EG/AA 20.4 21.7 24.5 0.435 0.4 10 0.363 
Figure 4.11 shows the W AXD diffraction curves of all PUR samples based on the 
BDOI AA soft segment. The same pattern as for the previous material is evident. There is 
a broad halo resulting from the amorphous regions of the material and there are also 
sharp peaks resulting from crysta lline soft segment regions in the soft segment phase. The 
pattern con finn s the trend found in the DSC and DMT A experiments, i.e. crysta ll inity in 
the soft segment phase increases wi th increasing soft segment content and also 
crysta llinity increases with increasing length of the aliphatic block in the diol component 
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of the polyadipate. The sharp peaks result exclusively from crystal linity in the soft 
segment. This was again confinned by deternl ining the diffraction pattern of the pure soft 
segment. 
Table 4.8 shows the peak positions and the corresponding Bragg spacings. Again, the 
results for the PVRs and the pure soft segment are in good agreement. Figure 4.1 2 shows 
the W AXD curve for the pure soft segment. 
Table 4.8 : Diffraction angles and Bragg spacings for PURs based on 
BDO/AA soft segment and pure soft segment 
Sample Oi ffTact ion angles 28 / 0 Bragg spacings / nm 
60% BOO/AA 21.2 22. 1 24.1 0.4 19 0.402 0.369 
70% BOO/AA 21.3 22.2 24.2 0.4 17 0.400 0.368 
80% BOO/AA 2 1.2 22.2 24.1 0.4 19 0.400 0.369 
100 % BOO/AA 21.6 22.3 23 .9 0.4 11 0.399 0.372 
Figure 4.11: W AXD curves for PURs based on BDO/AA soft segment 
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Figure 4.12: W AXD curve for the pure BDOlAA soft segment 
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Figure 4.13: WAXD curves for all PURs based on HDOIAA soft segment 
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Figure 4. 13 shows the W AXD diffraction curves for all PURs based on the HDO/ AA soft 
segment. The pattern is nearly identical to the materials based on BOO/AA. The main 
soft segment crystalli sation trends detected by means of DSC are confirmed. The W AXD 
100 
curve of the pure soft segment can be seen in Figure 4.14. 
Figure 4.14: WAXD curve of the pure HDOIAA soft segment 
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Table 4.9 shows the diffraction angles and Bragg spacings. Again, the results of the 
PURs and the pure soft segment are in good agreement. 
Table 4.9: Diffraction angles and Bragg spacings for PURs based 0 11 
HDOIAA soft segment and pure soft segment 
Sample Di ffraction angles 29 / 0 Bragg spacings / nm 
60% lIDO/AA 21.3 23 .9 0.417 0.372 
70% lIDO/AA 21.4 23 .9 0.415 0.372 
80% lIDO/AA 21.2 23 .9 0.419 0.372 
100 % lIDO/AA 21.4 24.3 0.4 15 0.366 
Summarising the resu lts, all peaks could be related to crystallinity in the soft segment 
phase. The broad scat1ering detected for all the PURs, however, results from the 
amorphous regions within the material. There are al so some shoulders which can be 
related to crystallinity of the hard segments, but that fact that only small shoulders are 
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sometimes present indicates the fact that crystallinity of the hard segments is largely 
absent . As thi s is a feature concerning all materials discussed in thi s study, it wi ll be 
discussed in more detail in Chapter 6. 
4.5. Kinetic investigations with respect to soft segment 
crystallisation 
4.5.1. Introduction 
As has already been shown, there is a significant influence of the chemical backbone of 
the soft segment on the level of crystallinity in the soft segment phase in the final PURs. 
rt was, therefore, considered to be advisab le to undertake investigations with respect to 
the kineti c factors of thi s crystallisation process. This was also deemed necessary to 
obtain information about the reliability of the results and the necessary storage time of the 
samples before mechanical testing was appropriate. 
The experimental procedure was straightforward. After a significant storage time (ca. 6 
months), measurements of Shore A hardness were made, and the samples were 
subsequently heated to 70°C in order to melt the crystalline regions in the soft segment 
phase. Subsequently, the samples were removed from the oven and the development of 
Shore A hardness at ambient temperature was observed over an extended period of time. 
4.5.2. Results and discussion 
Figure 4.15 shows the development of Shore A hardness at room temperature. It can be 
seen quite c learl y that despite the fact that all materials start with a roughly equal Shore A 
hardness (97), recrystalli sation occurs at very di fferent rates. The materi al based on 
EG/AA drops to about 75 Shore A and recrystallises only very slowly. Even after 500 
hours the recrystallisation had not fini shed (9 1.5 Sh A). This coincides well with the DSC 
results, which showed that thi s material has the most weakly expressed tendency towards 
soft segment crysta lli sation. It is also interesting to note that for thi s material the Shore A 
hardness drops further than for the other two materials. It seems evident that the melting 
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of soft segment crysta llites which lie very closely to hard segment containing regions may 
di srupt loosely associated structures, and, therefore, alter the overall physically 
cross li nked structure of the material. Loosely associated hard segment units and their 
respective structures are associated with Tt transitions already discussed above (DSC 
results sectionf 4,185 The material based on EG/AA has the most pronounced TI 
transitions of all the materi als mentioned above. As for the other two materials (based on 
BDO/ AA and HDO/AA), the recrystalli sation occurs at a far greater speed. Both of them 
are virtually fu lly restored to their original state within fi ve hours with the material based 
on HDO/AA recrystalli sing somewhat faster. These results also coincide well wi th DSC 
results which showed that all material s based on HDO/ AA have a stronger tendency 
towards soft segment crystallisation. Overall , the results confirm the DSC results in terms 
of likelihood of the soft segment to crystalli se and also confirm results previously found 
in literature which showed that the fewer ester groups that are present the more simi lar to 
polyethylene the material becomes both in terms of melting point and crystallinity)] 
Chau et a l. 157 report ageing speeds after polymerisation for PURs based on BDO/ AA, 
their PURs attain constant properti es after about three days. 
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Additionally, these results show that crystallisation in the soft segment phases contributes 
to the ageing time which is necessary to obtain a material the test results of which are 
time-independent. In the case of material s based on the EG/AA soft segment, thi s ageing 
process certainly occurs over several weeks. 
4.6. Density 
4.6.1. General remarks 
Densi ty experiments were expected to reflect the following features of the PURs. 
a) Differences in soft segment content with the highly-ordered hard segment 
microdomains (high cohesive energies7) having a strong effect on the density. 
b) Differences of the chemical backbone structure of the soft segment, with 
density increasing with higher proportions of polar and bulky groups such as 
ester groups 143 
c) Differences in soft segment crystallinity, with density increasing with more 
tightly packed crystalline structures. 
4.6.2. Results and discussion 
Figure 4.16 shows the density of all PURs based on di fferent polyad ipate soft segments. 
With respect to the expected effects mentioned above, two different trends can be seen. 
a) The density decreases with increasing length of the aliphatic sequence in the 
soft segment chain. This means that the higher number of relatively bulky 
ester groups has a strong influence on density as their relative numbers 
decrease with increasing length of the aliphatic segment (EG/AA: 26. 8, 
BOO/AA : 21, HOO/AA: 18.6 per soft segment block). 
b) The density decreases with increasi ng soft segment content. This effect is less 
pronounced than the influence of the soft segment chain. It is, however, 
resulting from the higher density of the hard segment blocks. Polar urethane 
and aromatic groups develop much stronger interactions. Cohesive energies 
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are much higher in the hard segment domains than in the so ft segment phase: 
36.5 kJ.mor i for urethane groups, 16.3 kJ .morifor phenylene groups as 
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Figure 4.16: Density of all PURs based on the po/yadipate soft segments 
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Crystallinity in the so ft segment does not seem to have a strong effect on the density of 
these PUR elastomers. The materials with the weakest tendency towards soft segment 
crystalli sation (based on EO/AA) st ill have the highest densiti es . Overall, however, this 
might be a bit difficu lt to judge, as there is crystallinity in almost all of these material s. 
4_ 7. Small Angle X-ray Scattering (SAXS) 
4.7.1. General remarks 
Small-angle X-ray scattering can be used for the characterisation of heterogeneous 
po lymer systems. The method is highly effective for the detenllination of microdomain 
sizes and interdomain spac ings, relative degree of microphase separation, microdomai n 
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purity and interfaci al properti es30 
4.7.2. Results and discussion 
The maxima in the scattering function can be used to calcu late the interdomain 
distances29 The scattering vector q was calcu lated as fo llows: 
I I 47!' q= AsinB 
q: scattering vector 
A.: wavelength 
29: scattering angle 
with 
The average interdomain spacings, d, were then calcu lated as follows. 
27!' d=--
qnux 
This val ue is considered to be an average value over the entire sampl e volume subjected 
to the X-ray radi ati on. 
The results are reported in Figure 4.17. The interdomain spacmgs II1crease with 
increasing soft segment content. This is expected, as the hard segment microdomain 
concentration decreases. Overall, these resu lts are in good agreement with other 
researchers' findings 29,30.39,54.96,144.151.157.158,159,160.161,162, 163 It can also be seen that the 
va lues are slightl y higher for the materials based on the EG/AA soft segment. 
Addi ti onally, the scattering intensi ty depends on the electron density variation and hence 
on the degree of phase separation and purity164 Figure 4.18 to 4.20 ill ustrate the 
difference and the dependence of the scattering intensity on the hard segment / soft 
segment rat io. 
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Figure 4.18: SAXS data for all PURs based on an EG/AA soft segment 
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Figure 4.1 9: SAXS data for all PURs based on a BDOIAA soft segment 
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Figure 4.20: SAXS data for a series of PURs based on a HDOIAA soft 
segment 
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As can be seen in the Figures 4.1 8 to 4.20, the PURs based on BDO/AA and HDO/AA 
develop a predictable pattern, namely an increase of the interdomain spacings with 
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increasing soft segment content accompanied by a decrease in the scattering intensity. A 
decrease in the scattering intensity results from the decreasing differences in electron 
densities wi th increasing soft segment content, i.e. a less heterogeneous overall structure. 
The behaviour of the PURs based on EG/AA is somewhat unexpected. The scattering 
intensity increases with increas ing soft segment content. It can be seen that the curves 
when 80% soft segment are employed correlate very well, independent of the soft 
segment which was used. In the case of 60% EG/AA and 70% EG/AA, however, the 
scattering intensities are much lower. This could indicate a greater degree of 
intersegmental mixing, which is confirmed by comparatively lower heat of fusion T2 for 
these materials. Overall , the trends of an increasing interdomain distance with increasing 
soft segment content (as illustrated in Figure 4.17), are not affected by scattering 
intensi ti es . 
4.8. Tear strength 
4.8.1. General remarks 
Tear strength is both a technologically and scientifically important parameter. Its 
underlying mechanisms are, however, not very well understood and have therefore 
attracted the interest of researchers over the past fifty yearsl 06.116. Equally, the value 
depends strongly on the experimentation technique104, and in the case of highly elasti c 
materi als (such as PUR elastomers), the significance of the tear strength value has 
sometimes been questioned] A constant tearing force is not always attained due to the 
elasti c character of the material , which undergoes a high degree of elastic and plastic 
deformation during the experiment. As has already been outlined in Chapter 2, this elastic 
deformation in regions substantially far away from the crack tip leads to an increase of 
the error involved in detemlining the tear strength of the material. Additionally, strain 
crystalli sation can take place64.191,192 (thi s wi ll be discussed below). A scheme ofa typical 
force-displacement curve which illustrates this is shown in Figure 4.2 1. 
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Figure 4.2 J: Typical fo rce-deflection curve for Cl PUR elastolller 
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Additionally, another effect, presumably resulting from strain crystall isation and 
success ive catastrophic fai lure over short distances was observed. This means that the 
build-up of tension within the specimen led to strain-induced crystalli sation. When a 
certain force was exceeded, catastrophic fai lure occurred with the propagation of the 
crack being fas ter than the test speed. This, in turn, leads then to a decrease of tension in 
the test spec ies and thus the force at the crack tip fall s below the tear resistance and crack 
propagati on stops until the next build-up. The result is a more or less strongly 
pronounced zig-zag line which supenmposes the force-deflection curve. This 
phenomenon has been discussed in the literature165 This is an additional factor di ffi cult 
to account for in the evaluation of the force-d isplacement curves. A fi gure illustrating thi s 
phenomenon can be found it Chapter 5 (Section 5.8 .1 , F igure 5.52). 
As for the eva luation procedure, if a force plateau was obtained, it was taken as the basis 
for the evaluation. In the cases of a zig-zag pattern, the peak max imum forces were 
averaged and used for the calculation of the tear strength. 
With respect to the overall stress distribution in the test specimen, it has to be noted that 
on ly a certain proportion of the app lied forces are actua ll y transformed into tearing 
energy at the crack tip. A big proportion of the energy involved does not take part in the 
actual tearing process. Presumably, the involved energies add up as follows. 
IlWtota l = !J.Wclasl ic + .6.Wplasti c + /lWtcar (+ 6..Wstrain crystallisation) 
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As can be seen above, elastic and plastic defonnation play a large part considering the 
fact that several hundreds % defonnation is involved. The same goes for revers ible and 
irreversible strain crystallisation. This has already been outlined in Chapter 2. 
In thi s section, a comparison was drawn between the outcome of a seri es of tear strength 
experiments, and, hence, the results of a dynamic experimentation technique and a seri es 
of morphological and thennomechanical features by means of several static (or in the 
case of DMTA, approximately static) experimentation techniques as described above. 
Parti cular emphasis must be placed on the different likelihoods of all polyadipate-based 
PURs to show soft segment crystallisation. 
4.8.2. Results and discussion 
Figure 4.22 shows the tear strength results for all polyad ipate-based PURs (the numbers 
on the bars indicate the Shore A hardness at ambient temperature). 
Figure 4.22: Tear slrellgthjor all polyadipate-based PURs 
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As can be seen in Figure 4.22, with the exception of the 80% EG/AA sample, tear 
strength slightl y increases with increasing soft segment content. This could indicate a 
slight effect of strain crystalli sation which can be expected to be somewhat more strongly 
expressed in materials with a lower number of physical crosslinks. These can be expected 
to act as an obstacle for amorphous chai ns to align and for crystallinity to develop. Shore 
A hardness is indicated on top of the bars in order to illustrate the influence of the 
processes occurring in the shoulder region. [t is evident that a harder materia l (i.e. a 
material with a higher Young's modulus) is able to store more elastic energy in the 
shoulder region than a softer material (i.e. a material with a lower Young's modulus). As 
a result of more elastic energy being stored in the shoulder regions, less energy is actuall y 
converted into tearing energy, i.e. the creation of a fresh surface. This might parti all y 
explain the slightl y higher measured values for materials based on the HDO/ AA so ft 
segment in comparison to material based on the BDO/AA soft segment. Equally, 
crystall inity in the soft segment phase can be taken into account for the explanation of the 
materials based on HDO/AA having the highest tear strength . HDO/AA is the so ft 
segment wi th the greatest tendency towards soft segment crysta lli sation as al ready 
discussed. 
4.9. Tensile testing 
4.9.1. General remarks 
We have already seen that tear strength results (and hence the results of a dynamic 
experimental procedure) can be related to results by static or near-static experimental 
techniques. Wi thin this section (and the following) , it is intended to support the 
conclusions from Section 4.1. to 4.6. with other results determined by means of dynamic 
experimental techniques. 
Tensile testing is widely used both in industria l and scientific research . Tensile properties 
are of interest fo r virtua lly all polymer app lications. Hence, an understanding of the 
mechanisms of mechanical fai lure are of great importance both for scientifi c and 
technological purposes. 
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The stress-strain curves of PUR e1astomers show a few important features which are 
highlighted in the following scheme. 
1 
Typical stress-strain curve for a 
polyurethane elastomer 
3 
2 
Strain 
As can be seen in the above sketch, the stress-strain curve can be divided into three 
different regions. 
a) Elastic deformation region (1): in this region the stress-strain relationship is 
nearly perfectly linear. This stress-strain relationship is well known as Young's 
modulusl66.1n the examined series, this reaches to up to 10% strain. 
b) Plastic deformation region (2): in this region plastic deformation of the material 
starts occurring and the relationship between stress and strain is not linear 
anymore. 
c) Strain hardening / crystallisation region (3): as a result of the ever increasing 
strain, the amorphous, and, initially randomly intertwined, chains become more 
and more disentangled and aligned. Eventually, they are substantially stretched 
out (almost parallel), and as a result the applied stress directly affects covalent 
bonding along the main axis of the polymer chain. Additionally, the aligned 
chains may start interacting by means of Van der Waals forces and may develop 
into microcrystallites. 
The following parameters were determined: ultimate tensile strength, elongation at break 
and Young's modulus. Young's modulus was calculated as a tangent modulus at a strain 
of 2%. In some rare cases, linearity of the stress-strain curve was not given. In these 
cases, the secant modulus was calculated (at 2% strain). 
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4.9.2. Results and discussion 
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Figure 4.23 shows the ultimate tensile strengths for all PURs based on polyadipate soft 
segments. Tensile strength increases with increasing soft segment content. This supports 
the already discussed assumption that strain crystallisation is actually occurring and is 
playing an important role. A remarkable fact is that the occurrence of strain crystallisation 
outweighs by far the decrease of physical crosslinks provided by hard segment 
microdomains. According to the literature31 -35, ultimate tensile strength usually increases 
with increasing hard segment content. Another important feature of the above results is 
the fact that ultimate tensile strengths seem to be virtually independent of the soft 
segment type which was used, even though these materials have been shown to develop 
quantitatively different levels of crystallinity. It seems that even though the materials 
have initially different levels of crystallinity, the application of strain forces some of the 
remaining amorphous chains to crystallise as well, therefore increasing strength and 
causing an overall higher result. These results could also be a consequence of the kinetic 
factors impeding the development of the highly structured hard segment microdomains 
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already discussed in the DSC result section (Section 4.2.2). This means that a higher 
overall viscosity of the system prevents the thermodynamically favourable phase 
segregation and ordering processes from occurring. Therefore, a structure develops which 
is mainly determined by kinetic factors, and, therefore, not as well-ordered, and, thus, not 
in an equilibrium state. The results could also mean that there is a transition from a more 
brittle material to a more ductile material when the soft segment content is increased (or 
possibly phase-inversion, meaning that at higher hard segment contents, the hard segment 
phase is the continuous phase, containing isolated soft segment domains32' 37). 
Figure 4.24: Elongation at break for all PURs based on polyadipate soft 
segments 
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Figure 4.24 shows the elongation at break for all PURs based on polyadipate soft 
segments. The elongation at break results largely tally with the results for ultimate tensile 
strength, i.e. a higher elongation at break with higher soft segment content. The results 
indicate that the materials become less and less brittle with increasing soft segment 
content. The interdomain distances have been shown by means of SAXS to increase with 
increasing soft segment content (Section 4.7.2). As these are very small in comparison 
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with other block copolymers l67, it can be assumed that there is a significant degree of 
domain overlap occurring when the hard segment microdomain concentration increases. 
This means that there is a transition occurring from materials which have loosely 
dispersed hard segment microdomains in an amorphous soft segment phase to a material 
which shows increasingly crosslinked, and, hence, brittle character. For the materials 
based on 60% and 70% soft segments, respectively, the elongation at break seems to be 
virtually independent from the character of the soft segment. At 80% soft segment, 
however, the elongation at break decreases with increasing length ofthe aliphatic chain in 
the soft segment. As an increase in the length of the aliphatic chain has already been 
shown to influence both the overall amount of crystallinity in the soft segment phase and 
the kinetic inclination of the soft segment to crystallise, it can be inferred that the soft 
segment phase in the PUR based on EG/AA is both more amorphous and also less likely 
to develop strain crystallisation. Therefore, the material as such remains more ductile, 
and, therefore, has a higher elongation at break. 
Figure 4.25 shows Young's modulus for all PURs based on polyadipate soft segments. 
For the materials with the lowest tendency towards soft segment crystallisation (EG/AA 
soft segment), the overall moduli are the lowest and decrease with increasing soft 
segment content, as the amount of crosslinks decreases as well. In the case of 80% soft 
segment, the influence of crystallinity in the soft segment phase can be seen, i.e. a slightly 
increased Young's modulus, albeit within experimental error. In the case of a BDO/AA 
soft segment, the influence of an increased tendency towards soft segment crystallisation 
can be seen. The moduli are overall higher, albeit they decrease with increasing soft 
segment content. Materials based on HDO/AA develop the overall highest moduli. This 
coincides well with the already discussed greatest tendency of these materials towards 
soft segment crystallisation. The level of crystallinity is even high enough that the 
expected trend of a decrease in Young's modulus with decreasing hard segment 
concentration is actually reversed, and the material based on 80% HDOI AA soft segment 
develops the highest Young's modulus. In terms of level and effect of soft segment 
crystallinity, these results tally reasonably well with DSC results in that those materials 
with the highest amount of soft segment crystallinity exhibit higher moduli and vice 
versa. 
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Figure 4.25: Young's modulus for all PURs based on polyadipate soft 
segments 
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4.10. Conclusions 
a) Most of the polyadipate-based PURs develop soft segment crystallisation. This 
influences many physical properties, most notably transparency/translucency, 
hardness, Young's modulus and tear strength. This can also be expected to have a 
significant influence on the morphology of these pURS168• 
b) Kinetics and level of crystallinity depend strongly on the chemical backbone of 
the soft segment. Materials containing shorter aliphatic sequences in the 
polyadipate backbone crystallise more slowly and develop on overall lower level 
of crystallinity. This is in good agreement with the literature73• 
c) Crystallinity also depends on the soft segment content. A greater number of hard 
segment units present a steric obstacle and prevent soft segment chains from 
crystallising. 
d) DSC results indicate an influence of the soft segment on the hard segment 
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microdomain structure, i.e. differences concerning Tt and T2. This is not 
reflected in the interdomain distances obtained by means of SAXS. Here, kinetic 
influences, i.e. viscosity of the soft segments I entire PUR system are presumed to 
have an influence. This is be supported by findings of other researchersJ9 but is 
not confirmed by all results, in particular the trend in T g values. 
e) Intersegmental mixing is present to a significant degree, indicated by a shift ofthe 
soft segment T g. 
f) None ofthe PURs examined developed a significant degree of true crystallinity of 
the hard segment microdomains, as detected by means of W AXD. Other 
researchers have found otherwise for similar rnaterials26,s4,ls4,lss,ls6. 
4.11. Differential scanning ca/orimetry (DSC) of materials based 
on the one-shot process 
4.11.1. Introduction 
As the prepolymer process was shown to lead to more reliable results and helped avoid 
many experimental problems, the main part of this thesis was based on the prepolymer 
process. A certain number ofPURs were, however, produced in order to study the effects 
of conducting both reaction steps at the same time. A one-shot process is known to be 
less controllable due to the higher number of reactants and the difficulty to balance 
different reaction rates between polyol and chain extenderls• As a consequence, 
properties are supposed to be inferior to those of materials based on a prepolymer process 
and the structure is meant to be less ordered. This section highlights certain consequences 
for the properties and for morphological features when compared to materials based on 
the prepolymer process discussed, in detail, above. 
The transitions observed in the DSC thermograms were of an identical nature to those 
already described above. 
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4.11.2. Results and discussion 
Table 4.9 shows the results for the glass transition for the two different processes for a 
series of materials based on the EG/AA and the BOOlAA soft segments. Given the 
inherently less ordered structure expected from the one-shot process, one would expect to 
have more single MOl-units dispersed in the soft segment phase, and, therefore, higher 
T gS for materials based on the one-shot process. As can be seen in the Table 4.9, most T gS 
obtained for materials based on the prepolymer process are, in fact, lower, albeit many of 
them are the same within experimental error. Again, the influence of crystallinity in the 
soft segment phase on the T gS can be seen, in particular for the materials based on 
BOOlAA, where the Tgs increase with increasing soft segment content, and, thus, with 
increasing degree of crystallinity in the soft segment phase. 
Table 4.9: Glass transition of PURs based on polyadipate soft segments 
prepared by two different processes 
Sample T g One-Shot Process 1 °C Tg Prepolymer Process 1 °C 
(+I-I°C) (+I-I°C) 
60%EG/AA -32 -32 
70%EG/AA -30 -31 
80%EG/AA -30 -31 
60% BOOlAA -49 -51 
70% BOOlAA -46 -50 
80% BOOlAA -46 -45 
The heat of fusion and normalised heat of fusion obtained for crystallinity in the soft 
segment phase can be seen in Table 4.10 and 4.11. These results are somewhat surprising. 
It can be seen clearly that in all materials (i.e. different soft segments and different soft 
segment contents), the soft segment crystallinity is expressed more strongly for the 
materials based on the one-shot process. As a sufficient maturing time was adhered to (i.e 
two months), the possibility of storage time influence can be excluded and the results 
were considered to be valid. It was assumed that kinetic effects have contributed to this 
effect, i.e. the BOO extender having a higher reactivity, and, therefore, leading to a 
preferred reaction of the isocyanate with the extender instead of reacting randomly with 
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both soft segment and extender. As a result, each polymer chain would start developing a 
hard segment-rich zone in the centre and (with a decrease in available extender 
molecules) soft segment-rich zones in the outer regions of the polymer chains. As a 
result, the average hard segment block length is greater, which means there are fewer 
hard segment blocks too short to phase-segregate and as a result the soft segment phase is 
purer, and, therefore, more likely to crystallise. This is supported by the fact that there 
does not seem to be a clear trend of soft segment crystallinity, increasing or decreasing, 
with increasing soft segment content. This is the case for most materials based on 
polyadipate soft segments, as discussed above. 
Table 4.10: Heat affusion soft segment crystallinity for materials based on 
two different processes 
Sample Heat of fusion "'Hr Heat of fusion "'Hr 
One Shot Process I Prepolymer Process 
J.gPUR-1 (+1- 10%) J.gPUR-1 (+1- 10%) 
60%EG/AA 12.1 3.4 
70%EG/AA 11.9 5_S 
80%EG/AA 14.S 0.75 
60%BDO/AA IS.7 3_3 
70%BDO/AA lS.4 11.6 
SO%BDO/AA 35.2 30.5 
The reaction kinetics of isocyanates and hydroxyl groups have been investigated by 
various researchers in the past. Saunders and Frischl4 compiled a lot of their own and 
other researchers' work and state the importance of various factors on the reactivity of the 
isocyanate hydroxyl reaction, such as concentration and chemical backboneI69.17o.l7I, 
matrix 172, order of the alcohol173 and progress of the reaction (catalysis effect of 
educts) 14. They also quote the work of Cooper et a1.174 who have investigated the 
influence of various structural features on the reactivity of polyols. Their results can be 
seen in Table 4.12. 1,4-BDO seems to have rather a smaller reaction rate compared to the 
other diols. However, these results do not take the differences in concentration into 
account. For higher hard segment contents, the extender content is naturally higher, so 
there is an increased statistical probability of an isocyanate group reacting with an 
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extender hydroxyl group. 
Table 4.11: Normalised heat offusion soft segment crystallinity for materials 
based on two different processes 
Sample Normalised Heat of fusion Mlr Normalised Heat of fusion t.Hr 
One Shot Process I Prepolyrner Process I 
J.gss·1 (+1- 10%) J.gss·1 (+1- 10%) 
60%EG/AA 20.2 5.7 
70% EG/AA 17.0 8.3 
80%EG/AA 18.5 0.93 
60%BDOlAA 31.2 5.5 
70%BDOlAA 26.3 16.6 
80%BDOlAA 44.0 38.2 
Table 4.12: Reactivity o/several diols with PPDI at 100 "(;174 
Diol Type Reaction rate constant, kIlO' (l.morl.s·') 
Polyethylene adipate (Mn = 2000) 36 
PTHF (a range ofMn) 10<k<32 
1,4-BDO 9.0 
1,4-cis-Butenediol 4.0 
1,5-Bis(p-hydroxyethoxy)naphthalene 2.5 
1,4-Butynediol 6 
The equivalent ratios can be seen in Table 4.13. The content difference should at least 
partially account for the assumed differences in reactivity between polyol and extender 
responsible for the inferred morphology features discussed above. 
Table 4.13: Ratio of extender : soft segmentforall PURs 
Material composition Equivalent ratio extender: soft segment 
60% soft segment 2.98:1 
70% soft segment 1.65:1 
80% soft segment 0.65:1 
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Table 4.14: Heat of fusion (T2) for the materials based on two polyadipate 
soft segments and two different processes 
Sample Heat of fusion (T2) One Shot Heat of fusion (T2) Prepolymer 
Process 1 J.gPUR•1 (+1- 10%) Process 1 J.gPUR-1 (+1- 10%) 
60%EGIAA 16.4 11.9 
70%EGIAA 6.6 S.7 
SO%EGIAA 2.0 1.8 
60%BDOIAA 14.3 15.9 
70%BDOIAA 7.3 12.6 
80%BDOIAA 3.7 3.4 
The results for T2 (heat of fusion and normalised heat of fusion) can be seen in Tables 
4.14 and 4.15. T2 is the endothennic transition occurring between 120°C and 180°C37.89. 
92. The results for 60% EGIAA indicate that the heat of fusion involved in the disruption 
of the hard segment microdomains is, in fact, substantially bigger (roughly 40%), when 
the one-shot process is employed. EGI AA is the most polar soft segment, i.e. the soft 
segment which can be expected to respond very sensitively to small fluctuations in the 
average hard segment block length. This result seems to confirm the assumptions made 
above. This result is not found for the 60% BDOI AA containing material, where the T2 
heats of fusion are identical within experimental error. This soft segment, however, is 
less compatible with the hard segment. Therefore, shorter hard segment blocks might 
phase-separate, whereby in the 60% EGI AA containing material they might remain 
dispersed in the soft segment phase. The results for SO% soft segment containing 
materials are identical, within experimental error. The nonnalised data (Table 4.15) 
merely confirm the previously observed trends. 
The results for T1 (heat of fusion and normalised heat of fusion) can be seen in the Table 
4.16 and 4.17. T1 is a small endothennic transition usually occurring ca. 20°C above the 
annealing or post-cure temperature37.91-93. The differences in T1 when two different 
processes are employed very small. One has to remember that the involved enthalpies are 
very small, too. The results obtained for the prepolymer process as discussed above were 
merely confirmed. 
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Table 4.15: Normalised heat affusion (T2) for the materials based on two 
polyadipate soft segments and two different processes 
Sample Normalised heat of fusion (T2) Normalised heat of fusion (T2) 
One Shot Process 1 J.gHS 
,I Prepolymer Process 1 J .gHS ,I 
(+1-10%) (+1- 10%) 
60%EG/AA 41.0 29.S 
70%EG/AA 22.0 28.9 
80%EG/AA 10.0 9,1 
60%BDOlAA 35.S 39.7 
70%BDOlAA 24.3 42.0 
SO%BDOlAA IS.5 17.0 
Table 4.16: Heat affusion (TJ) for the materials based on two polyadipate 
soft segments and two different processes 
Sample Heat offusion (Tl) One Shot Heat of fusion (Tl) Prepolymer 
Process I J.gPUR,1 (+1- 10%) Process 1 J.gPUR,1 (+1- 10%) 
60%EG/AA 0.54 0.26 
70%EG/AA 0.30 1.6 
80%EGlAA 0.26 0.69 
60%BDOlAA N/A N/A 
70%BDOlAA N/A N/A 
80%BDOlAA N/A 0.45 
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Table 4.17: Normalised heat of fusion (T1) for the materials based on two 
polyadipate soft segments and two different processes 
Sample Normalised heat of fusion (Tl) Normalised heat of fusion Tl 
One Shot Process I J.gHS -I Prepolymer Process I J.gHS -I 
(+1- 10%) (+1- 10%) 
60%EG/AA 1.4 0.65 
70%EG/AA 1.0 5.4 
80%EG/AA 1.3 3.4 
60%BDO/AA NIA NIA 
70%BDO/AA NIA NIA 
80%BDO/AA NIA 2.3 
Figure 4.26 and 4.27 show the thermograms for all materials based on the polyadipate 
soft segments and the one-shot process. 
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Figure 4.26: Thermograms of the series of materials based on the one-shot 
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Figure 4.27: Thermograms for the series of PURs based on the one-shot 
process and the BDOlAA soft segment 
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4.12. Dynamic mechanical thermal analysis (DMTA) of materials 
based on the one-shot process 
4.12.1. Results and discussion 
There were no additional transitions observed for the materials based on the one-shot 
process. This means, there are four transitions as discussed in section 4.2.1: T g ofthe soft 
segment; melting peaks of crystalline sections in the soft segment; T1 and T2. 
Table 4.16 shows a comparison of the glass transition temperatures Tg for the EG/AA and 
the BDO/ AA soft segment and for the two different processes. All materials based on the 
one-shot process have higher glass transition temperatures than those based on the 
prepolymer process. This is not unexpected. However, the reason for the higher T g is 
probably mainly a result of an increased tendency of the soft segment to crystallise when 
the one-shot process is employed. The drop in storage modulus, G' is consistent with this 
explanation, i.e. materials based on the one-shot process show greater drops of G' than 
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those based on the prepolymer process in the temperature region between 25°C and 50°C 
which is associated with the melting of the soft segment. The probable kinetic reasons for 
this have already been discussed above. The DMTA results merely provide further 
evidence for this explanation. The effect is stronger for the materials based on a BDOI AA 
soft segment, as those materials develop a greater degree of crystallinity in the soft 
segment phase, as has been shown in the DSC results sections (see section 4.11.2). 
Table 4.16: T gS for all materials based on polyadipate soft segments and both 
the one-shot and the prepolymer process 
Sample T g 1 °C One-Shot Process 1 T g 1 °C Prepolymer Process 1 
+1- 1°C +1_ 1°C 
60%EG/AA -17 -21 
70%EG/AA -20 -22 
80%EG/AA -9 -21 
60%BDOIAA -27 -31 
70%BDOIAA -23 -34 
80%BDOIAA -6 -23 
The effect of soft segment crystallisation and the effect of different hard segment contents 
on the width of the glass transition can be seen in Table 4.17. These values were attained 
by calculating the peak width of tan 0 at half of the peak height. There is a strong 
influence of the hard segment content on the width of the peak at Tg• The more hard 
segment blocks that are present in a PUR material the more impeding enviromnents for 
the soft segment to undergo glass transition there are. Microcrystallites do have a similar 
effect on amorphous polymer chains42• All materials show a decreasing width of the glass 
transition with decreasing hard segment content. The glass transitions are, however, 
broader for the materials which have shown to be a higher degree of crystallinity (i.e. 
BDOIAA-based materials have broader Tgs than EG/AA-based materials and materials 
based on the one-shot process have much broader T gS than materials based on the 
prepolymer process). It is impossible to separate the two different effects. These findings 
are in good accordance with previously discussed results. 
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Table 4. J 7: L1T at the glass transition for all materials based on polyadipate 
soft segments and both the one-shot and the prepolymer process 
Sample "T at Tg 1 °C "T at Tg 1 °C 
One-Shot Process 1 +1- 2°C Prepolymer Process 1 +1- 2°C 
60% EGIAA 33 32 
70% EGIAA 24 20 
80% EGIAA 18 19 
60% BOOIAA 63 61 
70% BOOIAA 54 45 
80% BOOIAA 40 23 
Figure 4.28a: Storage modulus G'for a series of PURs based on an EG/AA 
soft segment and the one-shot process 
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As for the general appearance of the curves, the G' curves of the PURs based on EGIAA 
and the one-shot process (Figure 4.28a) start off in a similar fashion to the materials 
based on the prepolymer process (Figure 4.6a) . The effect of soft segment crystallinity 
can be recognised from the fact that the drop of G' at T g in the material based on 70% 
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EG/ AA is more strongly expressed than in the material based on 80% EG/ AA even 
though the theoreti cal soft segment content is higher in the former sample. This is an 
effect of soft segment crystallinity, i.e. fewer amorphous chains taking part in Tg. The 
former pattern is only restored when the soft segment crystallites finall y melt and G of 
the material based on 80% EG/AA drops even further. In all three materi als, the drop of 
G between 25°C and 50°C is more strongly expressed than in those based on the 
prepolymer process. This is again consistent with DSC and other DMTA results. As for 
the tan 0 values, another interesting difference can be recognjsed. All materials based on 
the one-shot process show a gradual increase of tan 0 with increasing temperatu re 
(co inciding with a gradual decrease of G) when 50°C are exceeded, whereas the 
materials based on 60% EG/AA and 70% EG/AA made via the prepolymer route 
maintain more constant values of G . Only the materi al based on 80% EG/AA shows 
significant re laxation processes occurring above 50°C. This could indicate two 
morpho logical features. 
a) Following the previously postulated statistical increase of hard segment 
blocks in the centre of the chains (see section 4. 11 .2) there must be a lower 
amount (i.e. a lower average hard segnlent block length) in the outer regions 
of each chain. This can be expected to lead to difficulties with the physical 
crosslinkings. If the average hard segment block length fa lls below a critica l 
length , there will be no phase-separation any more. As a consequence, a 
higher proportion of chain ends will not be physically cross linked, or will , at 
least, be only crosslillked via shorter hard segment blocks. It is well known 
from other block copolymers such as SBS or SIS that if there are no hard 
segment blocks at the chai n ends (i.e. only SB, BSB or SI, ISI molecules), the 
mechanical properties wi 11 be worse in compari son to the homopolymers, as 
results by various researchers175,1 76 quoted in the work of Estes et al. l52 
indicate. It can be expected that this effect is more strongly pronounced for a 
PUR material where the hard segment and the soft segm ent are 
thernl0dynamically more compatible. This is the case for the materi al based 
on EG/ AA in comparison to a ll other materials used in thi s study. 
b) The EG/AA soft segment can also be expected to have a higher viscosity 
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because of the shorter aliphatic blocks and the higher number of bulky, polar 
and generally more immobile ester groups. This might add a kinetic 
component to the phase segregation process, i.e. a higher number of hard 
segment blocks not undergoing phase separation and remaining enclosed in 
the soft segment phase. 
This is supported by the fact that all materials based on the one-shot process have 
consistently and significantly higher loss moduli G" than their respective counterpart 
materi als made via the prepolymer route (compare Figure 4.6b and Figure 4.28b). This 
indicates an increased viscous behaviour of the materi al. 
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Figure 4.28b: Loss modulus GHfor a series of PURs based on an EG/AA soft 
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For all materi als based on the BOO/AA soft segment and the one-shot process, soft 
segment crystallini ty is seen very strongly. All materi als show a significant drop of G' at 
about 50°C, resulting from melting of soft segment crystallites (Figure 4.29a). The effect 
of di fferent amounts of soft segment crystallinity is expressed in the materi al based on 
70% BOO/AA hav ing a slightly higher G' than the materi al based on 60% BOO/AA 
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below T g. Otherwise the curves run, as expected, with the material having the highest 
hard segment content developing the highest storage modulus G'. In the case of the 
materials made via the prepolymer route, soft segment crystallinity is not as strongly 
developed in the materials with higher hard segment content, as indicated by DSC results 
(heat of fusion of so ft segment crystallites). As a consequence, the storage modulus G' of 
the materi al based on 80% exceeds G' of the material based on 70% BOO/AA. Only 
above the soft segment melting point above 50°C, the expected course of the curves is 
restored. These results are in good agreement with the DSC results. 
The previously (EG/AA-based materials) observed behaviour of sign ificant relaxation 
processes occurring above the melting point of the soft segment when the one-shot route 
is emp loyed, can be seen in materi als based on BOO/AA as well, albei t nowhere near as 
clearly. All materials made via the one-shot route do, however, have higher loss moduli 
G" than their counterparts based on the prepolymer route (Figure 4.29b compared to 
Figure 4.7b for the materials based on the BOO/AA soft segment). Again, this is probably 
a consequence of a lower average hard segment block length in the outer regions of the 
polymer chains, and, therefore, less stable physical cross linking through phase separation 
and development of hard segment microdomains. The BOO/AA soft segment is 
themlOdynamically less compatible with the MDI-BOO hard segment than the EG/AA 
soft segment. Therefore, the relaxation occurring above 50°C as was observed and 
discussed for materials based on the EGI AA soft segment and the one-shot process is 
expressed less strongly. All OMT A curves can be seen in Figure 4.28a-c to 4.29a-c. 
4.13. Wide Angle X-ray diffraction (WAXO) of materials based on 
the one-shot process 
4.13.1. Introduction 
A se lection of material s based on the one-shot process was tested and the same 
phenomena already discussed for the materials based on the prepolymer process were 
investi gated . The purpose was to confirm, if possible, the findings a lready di scussed 
above. 
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Figure 4.29a: Storage modulus G'for a series of PURs based on a BDO/AA 
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4.13.2. Results and discussion 
Figure 4.30 shows the WAXD curves for PURs based on 60% and 70% EG/AA soft 
segment content. The results confirm the previously discussed results obtained by means 
of DSC and DMT A with respect to an increased amount of soft segment crystallinity in 
the materials based on the one-shot process. Both materials show the previously observed 
broad halo resulting from the amorphous regions in the material. Both materials also 
show three distinct peaks. These peaks coincide with peaks observed for materials based 
on the prepolymer process and, likewise, they coincide with peaks obtained for the pure 
soft segment. Table 4.18 shows the diffraction angles and corresponding Bragg spacings. 
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Figure 4.30: WAXD curves for materials based on an EG/AA soft segment 
and the one-shot process 
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It is very difficult to obtain a quantitative statement from the W AXD curves, i.e. an 
integration of the peaks. However, these peaks are more strongly expressed for these 
materials than they are for the materials based on the prepolymer process (see section 
4.4.2). This is in good agreement with the results obtained via DSC and DMTA, as 
discussed above. A small shoulder can be seen at ca. 19°, coinciding with the strongest 
reflection attributed to crystallinity of the hard segments. The amount of true crystallinity 
in the hard segment is, however, negligible. This will be discussed in greater detail in 
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Chapter 6. 
Sample 
Table 4.18: Diffraction angles and Bragg spacings from WAXD curves 
(EGIAA soft segment, one-shot process) 
Diffraction angle 29 I 0 Bragg spacings I nm 
60%EG/AA 20.4 21.7 24.5 0.435 0.410 0.363 
70%EG/AA 20.3 21.5 24.4 0.438 0.413 0.365 
100 % EG/AA 20.4 21.7 24.5 0.435 0.410 0.363 
Figure 4.31: WAXD curves of PURs based on a BDOIAA soft segment and 
the one-shot process 
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Figure 4.31 shows the W AXD curves for two PUR materials based on 60% and 70% 
BDO/AA soft segment and made by the one-shot process. Again, these results confirm 
those obtained by means of DSC and DMTA (see sections 4.11.2 and 4.12.1). As can be 
seen, the materials have the same features which have already been discussed, i.e. a broad 
halo resulting from the amorphous regions in the material, two distinct peaks resulting 
from crystallinity in the soft segment phase and a small shoulder reflecting a very small 
amount of true crystallinity in the hard segment microdomains. As can be seen above, the 
two peaks resulting from crystallinity in the soft segment phase are almost identical in 
size. Whilst it is very difficult and prone to a high degree of experimental error to 
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quantify this kind of results, peaks of identical size tally very well with DSC results 
which have also shown very similar heats of fusion for those two materials. 
Table 4.19: Diffraction angles and Bragg spacings from WAXD curves 
(BDO/AA soft segment, one-shot process) 
Sample Diffraction angles 29 I ° Bragg spacings I run 
60%BDOlAA 21.3 22.2 24.2 0.417 0.400 0.368 
70%BDOlAA 21.2 22.2 24.1 0.419 0.400 0.369 
100 % BDOlAA 21.6 22.3 23.9 0.411 0.399 0.372 
Table 4.19 shows the results for the scattering angles and Bragg spacings in comparison 
to those of the pure soft segment. Again, the sets of values for both PURs and the pure 
soft segment values are in good agreement. They are also in good agreement with the 
values found for the materials based on the prepolymer process (see section 4.4.2). Again, 
it is somewhat surprising to find almost no truly crystalline hard segments. This is 
probably due to the fact that the temperature the samples were subjected during the 
polymerisation process was always below the Tg ofthe pure MDI-BDO hard segment (ca. 
109oC)140. It would be expected that in the course of the phase separation process the 
mobility of the hard segment chains decreases more and more (due to an increase of the 
average molecular weight of the hard segment blocks and also due to the increasing 
incompatibility with the amorphous soft segment phase). As a consequence, the mobility 
of the hard segment blocks eventually slows down to an extent that the crystallisation 
process comes to a halt. This will be discussed in greater detail in Chapter 6. 
4.14. Density of selected materials made via the one-shot route 
4.14.1. Results and discussion 
Table 4.20 shows a comparison of selected materials made via both the prepolymer route 
and the one-shot process. The densities do not differ greatly. The observed differences are 
small and within experimental error. Densities decrease slightly with increasing soft 
segment content when the prepolymer process is employed. In these cases the 
crystallinity in the soft segment is not strongly expressed. Therefore, less densely packed 
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hard segment chains are present and density decreases. In the case of the one-shot 
process, this effect is partially cancelled out by an increased likelihood of the soft 
segment to crystallise as has been shown by DSC, DMTA and WAXD. In the case of 
both soft segments and the one-shot process the results do not show any particular trend. 
Table 4.20: Density of selected polyadipate-based materials based on both 
one-shot and prepolymer processes 
Sample One-shot process Prepolymer process 
Density I g.cm·3 (+1- 0.01) Density I g.cm·3 (+1- 0.01) 
60%EG/AA 1.25 1.27 
70%EG/AA 1.26 1.26 
80%EG/AA 1.27 1.26 
60%BDOlAA 1.23 1.22 
70%BDOlAA 1.21 1.22 
80%BDOlAA 1.22 1.21 
4.15. Tear strength and hardness for selected materials based 
on the one-shot process 
4.15.1. Results and discussion 
Figure 4.32 shows a comparison of the different tear strength values obtained for two 
materials based both on the one-shot and the prepolymer routes (the Shore A hardness 
values are included). The Shore A hardness values tally well with the results obtained by 
DSC, DMTA and W AXD with respect to the already extensively discussed tendency for 
soft segment crystallisation. All materials based on the one-shot process do have a higher 
Shore A hardness. The influence of the process is greater for materials based on EGI AA, 
as those materials are less likely to develop soft segment crystallinity and the differences 
detected by DSC, DMTA and WAXD were greater as well. Increased or decreased soft 
segment crystallinity does, however, not always translate into an improvement or 
deterioration of the tearing properties. These results are very difficult to interpret and it is 
difficult to find any significant trends. The experimental error and the general difficulties 
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to obtain the tear strength values are also significant, as has already been discussed in 
sections 2.3 and 4.8.2. 
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In the case of the EG/ AA soft segment, the materials do not seem to vary a great deal 
with respect to the process by means of which they were produced. As has already been 
discussed above, an increased amount of soft segment crystallinity can be expected to 
improve tear strength properties, as the modulus of the material increases. Therefore, an 
increased amount of energy can be expected to be absorbed in the shoulder regions as 
plastic and elastic deformation energy. With respect to the presumed morphological 
features of the materials based on the one-shot process, it has already been outlined that a 
lower average hard segment block length in the outer regions of the polymer chains may 
lead to a lower and mechanically less stable level of physical crosslinking. This, in turn, 
might have dramatic consequences for the mechanical properties. Another effect which 
has to be taken into account is the likelihood of the materials to undergo soft segment 
crystallisation under strain. This might increase the modulus in the shoulder regions and 
might, therefore, lead to an increased amount of energy being absorbed there. If, 
however, strain crystallisation occurred in the cut tip region (where the stress 
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concentration is highest), it is difficult to predict whether the occurrence of strain 
crystallisation occurring parallel to the cut might actually promote crack propagation 
along the lamellae. If strain crystallisation occurred perpendicular to the cut tip, the 
propagation of the cut might be severely restricted and tear strength properties might 
increase. 
In the case of the materials based on 70% and 80% BDO/AA soft segment, the increased 
level of crystallinity in the soft segment seems to have a beneficial effect on the tear 
strength properties. These materials have already been shown to be less sensitive to a 
lower average hard segment block length in the outer regions of the polymer chains by 
means ofDMTA (see section 4.12.1). 
In the case of materials based on EG/ AA, there seems to be a more strongly pronounced 
effect on physical crosslinking because ofthe higher thermodynamic compatibility of soft 
and hard segments and presumably also due to the increased density of this soft segment 
which might restrict the mobility of hard segment blocks (less volume), and, therefore, 
prevent a thermodynamically preferred configuration. In either case, it cannot be 
excluded that the same "weaknesses" which led to gradual thermomechanical failure in 
the DMTA experiments might have led to mechanical failure in the tear strength 
experiments, even though the overall level of soft segment crystallinity is higher. These 
effects might cancel each other out. 
4.16. Tensile testing for selected materials based on the one 
shot process 
4.16.1. Results and discussion 
Table 4.21 shows the tensile strength results for a series of PURs based on the EG/ AA 
and the BDO/AA soft segment. There is a big difference with respect to the process 
employed when EG/ AA is used as the soft segment component of the material. As has 
already been established by means of DSC, DMTA and W AXD, materials based on the 
one-shot process do have a significantly increased amount of crystallinity in the soft 
segment (see sections 4.11.1, 4.12.1 and 4.13.2). This would be expected to have a 
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beneficial effect on tensile properties. However, we have also established that the 
materials based on the one-shot process most probably possess a lower degree of physical 
crosslinking in the polymer chain end regions, due to both kinetic and thermodynamic 
reasons, as already discussed (see sections 4.11.2 and 4.12.1). These effects seem to 
outweigh the additional strength obtained through soft segment crystallinity. This is 
probably most strongly expressed in the materials based on 60% and 70% EG/AA soft 
segment. In the case of SO% EG/AA soft segment, both the higher amount of soft 
segment crystallinity and also the higher degree of strain crystallisation which occurs 
during the tensile experiments makes up for the previously described weaknesses. All the 
PURs discussed so far have shown a higher ultimate tensile strength with increasing soft 
segment content. This is probably not in complete agreement with theory (usually 
ultimate tensile strength decreases with increasing soft segment contene t •37), but explains 
why a smaller amount of physical crosslinking (i.e. increased segmental mixing in outer 
chain regions) does not seem to lead to strongly inferior properties but the opposite. 
Table 4.21: Ultimate tensile strength o/selected polyadipate-based materials 
based on both the one-shot and the prepolymer process 
Sample One-shot process Prepolymer process 
Ultimate tensile strength I Ultimate tensile strength I 
MPa (+1- 10%) MPa (+1- 10%) 
60%EG/AA lS.0 26.6 
70% EG/AA 16.5 40.0 
SO%EG/AA 42.9 41.6 
60%BDO/AA 22.1 22.7 
70%BDO/AA 41.5 34.S 
SO%BDO/AA 47.5 41.9 
In the case of the materials based on the BDOI AA soft segment, the dependency on the 
employed process is not as strongly expressed. This soft segment is both 
thermodynamically (less polar) and kinetically (less viscous) favoured to be less sensitive 
to hard segment block length in terms of phase segregation as discussed above. Equally, 
this soft segment is more likely to crystallise. Therefore, it can also be expected to be 
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more likely to undergo crystallisation when strain is applied. The higher amount of 
crystallinity in the soft segment phase in the materials based on the BDOI AA soft 
segment is presumably responsible for the increased ultimate tensile strength values 
obtained for the materials based on 70% and 80% BDO/AA content when the one-shot 
process is employed. 
Table 4.22: Young's moduli of selected po lyadi pate-based materials based on 
both the one-shot and the prepolymer process 
Sample One-shot process Prepolymer process 
Young's Modulus 1 MPa Young's Modulus 1 MPa 
(+1- 10%) (+1-10%) 
60%EG/AA 65 90 
70%EG/AA 17.7 42.9 
80%EG/AA 33.3 47.3 
60%BDO/AA 62.0 159 
70%BDO/AA 58.0 100 
80%BDO/AA 70.0 91 
Table 4.22 shows the results for Young's modulus when two different processes were 
employed. As can be seen, the results for Young's modulus differ very strongly for both 
soft segments depending on the employed process. In all cases, the modulus is 
significantly increased when the prepolymer process is employed. 
4.17. Conclusions 
a) The degree of soft segment crystallinity is the most strongly affected 
parameter when the two different processes are compared. 
b) Materials based on the one-shot process develop a higher level of crystallinity 
in the soft segment phase. The results obtained via DSC, DMTA and WAXD 
tally very well. This is probably due to an increased level of MDI-BDO hard 
segments in the centre of the PUR chains. Reaction constants from the 
literature suggest a faster reaction of the isocyanate with the soft segment than 
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with the extender, though. However, the chain extender is prevalent in a 
higher concentration than the soft segment. Soft segment crystallinity leads to 
increased hardness, Young's modulus, and sometimes to improved tensile 
strength and tear strength. Consequently, this leads to a lower level of hard 
segment blocks, and, therefore, a lower average hard segment block length in 
the outer region of the PUR chains. This, in turn, leads in the case of the 
EG/ AA soft segment-based material to a lower level of physical crosslinking 
of chain ends. As a consequence, several mechanical (tensile properties, tear 
strength values) and thermomechanical (DMTA) features are badly affected 
and properties are inferior. 
c) This pattern is less strongly expressed for PURs based on the BDO/AA soft 
segment, which is both thermodynamically (i.e. less polar) and kinetically 
(lower viscosity) favoured to develop a higher level of phase separation. 
d) Factors influencing tear strength were discussed, but the results are still very 
difficult to interpret fully. 
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Chapter 5: Results and Discussion 11: PCL-PUR Systems 
5.1. General remarks 
In this chapter, emphasis will be placed upon the following topics. 
a) The general structure-property relationships in PUR elastomers based on PCL 
soft segments. In a similar manner as in Chapter 4, a comparison was made 
between the results obtained by means of static (such as DSC, WAXD, 
SAXS) and dynamic (such as tensile testing and W AXD under strain) 
experimentation techniques. Three sets of materials were prepared. They were 
based on 60%, 70% and 80% soft segment content. 
b) In particular, the influence of the PCL-initiator moiety on the properties of the 
soft segment, and, thus, the properties of the finished PUR elastomers was 
investigated. Only a very limited amount of research has been published on 
this issue, with no apparent influence of the initiator moiety being reported 177. 
Seven different soft segments based on seven different initiators were 
employed: three linear aliphatic diols (EG, BDO and HDO), two branched 
aliphatic diols (NPG and EBPD), one diol containing an ether group (DEG) 
and one diol containing a cycloaliphatic ringstructure (CHDM). The chemical 
structure of all soft segments has already been outlined and can be found in 
section 3.1.2. 
c) In a few cases, the morphology was investigated closer by means ofPFM and 
TEM. Additionally, a DSC quenching study has been carried out in order to 
elucidate the origins and reasons behind a few endothermic transitions 
between 70°C and 200eC, labelled T1 and T2. 
5.2. Differential Scanning Calorimetry (DSC) 
5.2.1. General remarks 
As already mentioned in Chapter 4, PURs usually show up to four different transitions in 
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DSC thermograms. 
a) The glass transition of the soft segment, recognisable as a shift of the baseline. 
The precise glass transition temperature was obtained by means of plotting LlCplLlt 
and, subsequently, the determination of the maximum in that curve. 
b) A weakly expressed endothermic peak, corresponding to the melting of crystalline 
regions within the soft segment phase. This peak was, however, not regularly 
observed. If present, it lay above room temperature and below 50°C. The presence 
and size of this peak was strongly influenced by several factors, such as the 
initiator moiety of the soft segment, the composition of the polyurethane (hence, 
the presence of hard segment microdomains), intersegmental mixing, interphasial 
properties and kinetic factors. This will be discussed in greater detail below. 
c) A broad endothermic transition between 75°C and 125°C. This transition was not 
always present and proved to be reasonably difficult to interpret conclusively. The 
presence and size of this transition depended on the composition of the PUR and, 
in some cases, on the initiator moiety, but also on kinetic factors such as storage 
time. This transition will be referred to as T1 and will be discussed in greater 
detail below. 
d) A broad endothermic transition between 125°C and 210°C sometimes comprised 
of several different transitions. This transition is usually referred to as 
corresponding to both disintegration of intersegmental order within the hard 
segment microdomainsI39,150,185 and as a order-disorder transitionl51 , A conclusive 
interpretation of this transition is very difficult. Size and shape depended on many 
factors such as hard segment concentration, intersegmental mixing and 
interphasial properties. This transition will be referred to as T2 and will be 
discussed in greater detail below. 
T1 and T2 have attracted the interest of a great number of researchers in the past29,37,89. 
94,139,150,151,185. However, an accurate and conclusive interpretation of either transition has 
so far been elusive. In this thesis, a quenching study was carried out with selected 
materials in order to clarify structural changes occurring during T1 and T2 further. Here, 
the materials were heated just above T1 and T2, respectively, quenched in liquid nitrogen 
and subsequently reheated. A closer investigation of Tg before and after quenching 
143 
provided information about intersegmental mixing and phase composition changes 
occurring at T1 and T2, respectively. 
5.2.2. Results and discussion 
Tables 5.1 and 5.2 show the Tgs of the different PURs based on PCL soft segments, the 
Tgs of the respective PCL soft segments and the temperature difference ilT between the 
PUR samples and the pure soft segments. There is a significant difference between the T g 
of the pure soft segment and the T gS of the PURs, indicating the effects of a great degree 
of intersegmental mixing and chain end anchoring (formerly soft segment ends are now 
linked to hard segments via urethane bonds). Both those effects decrease the mobility of 
the amorphous soft segment chains. Secondly, the initiator moiety also has an effect on 
the T g of the pure soft segment, despite the relatively small mass contribution of only up 
to 7.9%. The difference in Tg which can be attributed to the initiator moiety can be up to 
3°C. It can also be seen that stiff (as in CHDM) and bulky (as in EBPD) initiator moieties 
decrease the mobility of the PCL soft segment and thus the glass transition temperature is 
increased. In the case of CHDM, the cycloaliphatic structure is rather immobile compared 
to a linear aliphatic structure. Linear aliphatic (EG, BDO, HDO) and only slightly 
branched (NPG) initiator moieties have a lesser impeding effect on the mobility of the 
PCL chains. 
As for the T g difference between the PURs and the pure soft segments, the difference is 
remarkable and represents the impeding effect of a significant degree of chain end 
anchoring and intersegmental mixing. The effect of the soft segment content can also be 
seen. As already mentioned in Chapter 4, an increased soft segment content leads to a 
decreased hard segment block length, and, thus, to an increased thermodynamic 
compatibility between hard and soft segments. Moreover, in an environment with a lower 
content of hard segment blocks, the latter have increased difficulties in associating with 
each other and in developing microdomains or microcrystallites. Hence, the T gS usually 
increase slightly with increasing soft segment content. 
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Table 5.1: Glass transition temperatures and corresponding Llcp values of 
PURs based on peL soft segments; temperature differences LlTg between the 
PUR samples and the pure soft segment 
Sample T 1°C g ~Cp at Tg I J.g.1K1 ~ T between T g.ss 
(+I-l°C) (+1- 0.05) and T g.PUR I °C 
60%PCL(EG) -46 0.25 26 
70%PCL(EG) -46 0.34 26 
80%PCL(EG) -45 0.30 27 
60% PCL(BDO) -49 0.22 25 
70% PCL(BDO) -48 0.35 26 
80% PCL(BDO) -45 0.25 29 
60% PCL(HDO) -48 0.25 25 
70% PCL(HDO) -47 0.38 26 
80% PCL(HDO) -45 0.26 28 
60% PCL(NPG) -48 0.26 25 
70% PCL(NPG) -47 0.37 26 
80% PCL(NPG) -47 0.38 26 
60% PCL(EBPD) -45 0.31 26 
70% PCL(EBPD) -45 0.38 26 
80% PCL(EBPD) -44 0.44 27 
60% PCL(DEG) -46 0.32 26 
70% PCL(DEG) -45 0.32 27 
80% PCL(DEG) -45 0.44 27 
60% PCL(CHDM) -42 0.17 29 
70% PCL(CHDM) -42 0.28 29 
80% PCL(CHDM) -40 0.41 31 
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Table 5.2: TgS of pure PCL soft segments 
Material Tg / °C (+/-I°C) 
100% PCL(EG) -72 
100% PCL(BDO) -74 
100% PCL(HDO) -73 
100% PCL(NPG) -73 
100% PCL(EBPD) -71 
100% PCL(DEG) -72 
100% PCL(CHDM) -7\ 
Figure 5.1: Normalised heats offusionfor soft segment crystallinity in PURs 
based on the different PCL soft segments 
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Soft Segment I Content 
Another factor coming into play is the possibility of crystallinity occuning in the soft 
segment phase. Many of the PURs based on PCL soft segments examined in this study 
did not show a remarkable degree of soft segment crystallinity, except when higher soft 
segment contents were employed. Figure 5.1 shows the normalised enthalpies for the soft 
segment crystallinities when the PCL soft segments were employed. The PURs based on 
PCL(BDO) and PCL(HDO) showed a significantly increased tendency towards soft 
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segment crystallisation. In the case of the 80% PCL(BDO) PUR, this equates to ca. 50% 
crystallinity in the soft segment with the heat of fusion as detennined by Huang et al. 178 
(t.H = 99 J.g'). The use of other initiator moieties seems to suppress largely 
crystallisation in the soft segment phase. In the cases of BDO and HDO the initiator 
molecule is perfectly linear and aliphatic. This promotes crystallisation. The DSC traces 
can be seen in Figures 5.2 and 5.3. 
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Figure 5.2: Thermograms for all the PURs based on the PCL(BDO) soft 
segment 
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In the case of other linear initiator moieties such as EG and DEG, soft segment 
crystallinity is only noticeable for the highest soft segment content, and crystallisation is 
only occurring during the DSC experiment. In the case of the fonner, the initiator moiety 
is very short which might have led to steric hindrance with the ester groups being fairly 
close to each other. The DSC traces can be seen in Figures 5.4 and 5.5. In the PCL(NPG) 
case, both slight steric hindrance between the ester groups and steric hindrance resulting 
from the methyl groups might have hindered crystallisation. It can be seen, however, that 
there is a small degree of crystallinity in the material containing 80% PCL(NPG). In the 
case of PCL(EBPD), very bulky aliphatic side groups may be strongly suppressing 
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crystallinity in the soft segment phase. There are severe consequences for the materials' 
properties, as will be discussed below. In the case of CHDM, the mobility of the 
cyc10aliphatic ring is not strongly expressed, yet the group as such is rather bulky. As a 
result there is not a great amount of crystallinity developed. The DSC traces can be seen 
in Figures 5.6, 5.7 and 5.8. 
Figure 5.3: Thermograms for all the PURs based on the PCL(HDO) soft 
segment 
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These effects have influence on the T gS, as can be seen above in Table 5.1. In the cases of 
all the linear aliphatic initiator-based PURs (PCL(EG), PCL(BDO) and PCL(HDO», Tg 
increases with increasing soft segment content. The effect is strongest for the material 
with the highest degree of crystallinity (80% PCL(BDO». It can also be seen that ilcp at 
Tg decreases when 80% soft segment is employed, even though the nominal soft segment 
content is higher. This is a direct consequence of large crystalline sections in the soft 
segment phase not taking part in Tg• Overall, crystallinity in the soft segment (if present) 
tends to increase with increasing soft segment content, which is in good agreement with 
other researchers' findings 179• 
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Figure 5.4: Thermograms for all the PURs based on the PCL(EG) soft 
segment 
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Figure 5.5: Thermograms for all the PURs based on the PCL(DEG) soft 
segment 
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Overall, the shift in T g is similar and does not depend on the soft segment employed, i.e. 
the nature of the initiator moiety, when no crystallinity is present in the soft segment 
phase. The same goes for the Ll.cp values at Tg• For a given soft segment content, the 
values are very similar. The exception to this are the materials based on the PCL(CHDM) 
soft segment. They consistently show lower Ll.ep values, indicating a lower degree of 
phase separation. As already mentioned, the stiffuess of the cycloaliphatic group shifts T g 
of the pure soft segment upwards. Presumably, a kinetic factor comes into play with an 
increased viscosity of the soft segment phase impeding a thermodynamically more 
favoured higher degree of phase separation. This presumption is also supported by the 
fact that the Ll. T gS between the pure soft segment and the finished PURs are slightly 
higher for these particular materials (<=28°C as opposed to 26 - 27°C for the other 
materials when no crystallinity is present). 
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Figure 5.6: Thermograms for all the PURs based on the PCL(NPG) soft 
segment 
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Figure 5.7: Thermograms for all the PURs based on the PCL(EBPD) soft 
segment 
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Figure 5.8: Thermograms for all the PURs based on the PCL(CHDM) soft 
segment 
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Table 5.3: Heat offusion and normalised heat offusion of T1 for all PURs 
based on peL soft segments 
Sample Heat of fusion (Tl) / J.gPUR- 1 Nonnalised heat of fusion (Tl) / 
(+/-10%) J.gHS-1 (+/-10%) 
60%PCL(EG) 0.48 1.2 
70%PCL(EG) 0.99 3.3 
80% PCL(EG) 1.6 8.1 
60% PCL(BDO) 1.2 3.1 
70% PCL(BDO) 2.7 8.9 
80% PCL(BDO) 1.8 8.9 
60% PCL(HDO) 1.3 3.1 
70% PCL(HDO) 1.3 4.4 
80% PCL(HDO) 2.5 12 
60% PCL(NPG) 2.9 7.3 
70% PCL(NPG) 0.90 3.0 
80% PCL(NPG) 2.5 13 
60% PCL(EBPD) 5.3 13 
70% PCL(EBPD) 2.5 8.3 
80% PCL(EBPD) 4.8 24 
60% PCL(DEG) 1.5 3.7 
70% PCL(DEG) 0.35 1.2 
80% PCL(DEG) 0.36 1.8 
60% PCL(CHDM) 0.47 1.2 
70% PCL(CHDM) 0.43 1.4 
80% PCL(CHDM) 1.5 7.7 
Table 5.3 shows the results of the evaluation of Tl for all materials based on PCL soft 
segments. As can be seen, the values for Tl are usually very small. Yet, for most 
materials they seem to increase with increasing soft segment content. In the case of 
PCL(EBPD), the values are significantly larger than for all the other materials. As this 
could not be interpreted conclusively, a quenching study was conducted on two of these 
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materials. Hereby, the samples were heated above the respective transitions (Tl and T2) 
in the DSC. The samples were then removed from the DSC cell, quenched in liquid 
nitrogen and subsequently heated again. This study was intended to help explain the 
nature of these transitions further. These results will be discussed below. 
Table 5.4: Heat of fusion and normalised heat of fusion of T2 for all PURs 
based on peL soft segments 
Sample Heat offusion (T2) / J.gPUR·! Normalised heat of fusion (T2) / 
(+/-10%) J.gHS-1 (+/-10%) 
60% PCL(EG) 14.0 35.0 
70%PCL(EG) 8.4 28.1 
80% PCL(EG) 0.63 3.1 
60% PCL(BDO) 15.6 39.1 
70% PCL(BDO) 8.1 26.9 
80% PCL(BDO) 0.76 3.8 
60% PCL(HDO) 16.4 40.9 
70% PCL(HDO) 9.3 31.0 
80% PCL(HDO) 1.1 5.5 
60% PCL(NPG) 18.7 46.8 
70% PCL(NPG) 9.9 33.0 
80% PCL(NPG) 1.1 5.5 
60% PCL(EBPD) 15.6 39.1 
70% PCL(EBPD) 7.4 24.8 
80% PCL(EBPD) 1.1 5.6 
60% PCL(DEG) 17.4 43.6 
70% PCL(DEG) 10.7 35.6 
80% PCL(DEG) 0.66 3.3 
60% PCL(CHDM) 14.1 35.2 
70% PCL(CHDM) 9.1 30.2 
80% PCL(CHDM) 0.56 2.8 
Table 5.4 shows the results for the heat of fusion and the normalised heat of fusion for 
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T2. It can be seen, that both the heat of fusion values and the nonnalised heat of fusion 
values decreased with increasing soft segment content, indicating the increased 
difficulties hard segment blocks have finding each other. The number of hydrogen 
bonding is, therefore, reduced and a lower heat of fusion is detected. It is worth 
mentioning that this was not the case with the materials investigated and discussed in 
Chapter 4. A broader comparison and discussion of all materials is part of Chapter 6. As 
T2 is very broad (up to 100°C), it presumably involves several different processes and is, 
therefore, difficult to interpret conclusively, as already discussed in Chapter 4. As also 
already mentioned, two materials were subjected to a quenching study, which also 
involved T2. These results will be discussed below. 
As already mentioned, a quenching study was carried out in order to elucidate the reasons 
for and the processes occurring during the multiple endothenns (TI and T2) in the PURs 
investigated in this study. As the first transition (Tt) is not very strongly expressed in all 
the PURs, two materials were chosen where the transition is at least big enough in order 
to detect any changes with a reasonable accuracy. The materials chosen were based on 
60% and 80% PCL(EBPD). 
In this quenching study, three different samples were heated in the DSC cell to three 
different temperatures (125°C, 170°C and 240°C), with the first temperature just being 
above Tt, the second temperature being just above T2 and the third temperature being 
above the reported melting temperature of genuine hard segment crystallites89,9o. Each 
sample was then quickly taken out of the DSC, quenched in liquid nitrogen and reheated 
again from -100°C to 240°C. As a reference, one additional sample was run from -100°C 
to 240°C without any additional heat treatment. The glass transition was recorded, and 
Tg, LlCp and Ll T at T g (the peak width at T g) were recorded. 
The results for both materials can be seen in Figures 5.9 and 5.10. As can be seen in 
Figure 5.9 (80% PCL(EBPD», the quenching study reveals quite a few interesting 
results. Both Ll T at the T g and T g itself increase when the material is quenched from 
above Tl. This indicates that the phase composition of the amorphous phase (i.e. the soft 
segment phase) changes. This leads to an increase of Tg and the number of impeding 
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environments for soft segment chains increase (smearing of T g). Both these observations 
indicate an increased degree of intersegmental mixing above Tl. It should be noted, 
however, that .1.cp at T g remains largely unaffected. This could indicate that there is 
mutual penetration occurring between hard segment microdomains and the soft segment 
phase, resulting in some of the soft segment chains becoming "trapped" inside the hard 
segment microdomains when the sample is quenched, and, therefore, not taking part in 
the glass transition. As has already been discussed above, Tl has attracted the interest of 
many researchers, but the explanations have so far been far from conclusive. Three 
different opinions currently prevail. Firstly, Cooper et aI.37,91,92 stated short-range order 
transitions within the hard segment microdomains as the main reason for the appearance 
of Tl. Secondly, Koberstein et al. 145 explained their results with segmental-mixing 
effects of hard segment blocks which are not associated in crystalline or paracrystalline 
structures. Thirdly, Chen et al.94 did subject a number of materials to a quenching study, 
the results of which indicated that Tl might be the result of an enthalpy relaxation 
process near the T g of the hard segment due to physical ageing. The above results clearly 
indicate an increase of intersegmental mixing above Tl, which is not in agreement with 
Cooper's results. 
As for the quenching results above T2 and at 240°C, it has to be noted that the heat of 
fusion involved in the T2 process is very small (MIr = 1.1 J.g- I ). It is even smaller than 
the heat of fusion involved in Tl (MIr = 4.8 J.g-I ). Therefore, it is not surprising that the 
effects of two further stages of quenching are very small. It can be seen, that T g remains 
constant within experimental error . .1.cp at Tg and .1.T at Tg do not increase significantly 
either. The large experimental error certainly makes it difficult to detect small trends. 
Figure 5.1 0 shows the results of the second quenching study, conducted on a material 
based on 60% PCL(EBPD). These results differ significantly from those obtained for the 
material based on 80% PCL(EBPD). Firstly, the effect of Tl on the material is less 
strongly pronounced. Whereas T g increased by nearly 6°C for the material based on 80% 
PCL(EBPD) above Tl, Tg increases only by 2.4°C for the material based on 60% 
PCL(EBPD). This is probably a direct consequence of the hard segment blocks being 
larger and more closely associated in the latter material. 
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The effect of increased intersegmental mixing is, however, distinct. This confirms the 
previous results and proves that Tl certainly involves more than short-range order 
rearrangements. LlCp at T g behaves like one would expect it to behave and increases with 
increasing quenching temperature. Again, it can be seen that the changes occurring at TI 
are less significant than in the material based on 80% PCL(EBPD). At Tl, LlCp at Tg 
remains constant, within experimental error. This probably means, again, that the change 
of phase composition indicated by the change of T g is accompanied by a certain degree of 
migration of soft segment chains into the hard segment microdomains. Again, those 
chains subsequently become trapped in the hard segment domains when the materials is 
quenched, and, therefore, do not take part in Tl. This leads to a broadening of the T g 
region which can be seen in Figure 5.1 0 as well. 
For this material, the changes occurring at T2 are far more significant than those observed 
in the material based on 80% PCL(EBPD). Tg increases by 27°C, yet LlCp at Tg remains 
relatively unaffected. This indicates that a significant change of phase composition and 
intersegmental mixing occurs, but it also indicates that the order-disorder transition is not 
complete. This is confirmed by Tg increasing once more when the material is quenched 
from 240°C, and a significant increase of LlCp at T g occurs as well. The significantly 
stronger effect ofT2 on the morphology of the material can also be deduced from the fact 
that the heat of fusion involved is significantly greater in this material (15.6 J.g"lpUR vs. 
1.1 J.g-1pUR). 
The actual DSC curves can be seen on the following pages (Figures 5.11 to 5.16). In all 
the curves, it can be seen that both TI and T2 do not reappear (at least not in their 
original shape) when the samples are reheated, indicating the influence of the thermal 
history, and, hence, kinetic effects on the structure of a PUR. Furthermore, it can be seen 
that additional peaks emerge in all curves. In Figure 5.15 the quenched sample even 
developed two glass transitions (T g2 and T g3), indicating a highly complex structure 
which is certainly still heterogeneous. In both Figures 5.15 and 5.16 a partial 
restructuring during the second heating phase can be seen, recognisable from the 
emergence of endothermic peaks. 
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60% PCL(EBPD) 
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Figure 5.13: Quenching experiment for the PUR based on 80% PCL(EBPD) 
quenched and reheated after initially heating to 240°C 
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Figure 5.14: Quenching experiment for the PUR based on 60% PCL(EBPD) 
quenched and reheated after initially heating to 125°C 
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Figure 5.15: Quenching experiment/or the PUR based on 60% PCL(EBPD) 
quenched and reheated after initially heating to 170°C 
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Figure 5.16: Quenching experiment/or the PUR based on 60% PCL(EBPD) 
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The DSC curves do not provide any infonnation whether the obtained systems are 
entirely homogeneous (i.e. the order-disorder transition is complete). To gain further 
infonnation about that, the obtained glass transition temperatures were compared to a 
number of thennodynamic and empirical models which are frequently employed to 
describe the behaviour of heterogeneous polymer systems. They are listed here as follows 
and the results can be seen in Figure 5.17. 
1) The Fox equation180: 
2) Linear equation181 : 
Equation 5.1 
where TgMP, Tgss, TgHs are the Tgs of homogeneous 
mixed phase, pure soft and hard segment, 
respectively (all temperatures in K) 
Wss and WHS are the weight fraction of soft 
and hard segment, respectively 
Equation 5.2 
3) The Fox/Wood equation182 (a generalised fonn of Equation 5.1): 
Equation 5.3 
where k is the Wood constant 
Other models such as the Couchman model183 could not be employed as the LlCp at Tg 
data of the pure soft and hard segment were not available experimentally. 
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Figure 5.17 reveals a few interesting details. It can be seen that even the unquenched 80% 
PCL(EBPD) sample, which has been shown by SAXS to have a phase-separated 
structure, has aT g already 5°C above the T g predicted for an entirely mixed system of the 
same composition (disordered state) by means of the Fox equation. This shows that 
although this model is widely employed with good success by a number of other 
researchers30.46.49.78.151,184, its validity is limited and great care has to be taken when a 
model is chosen for the prediction of the behaviour of heterogeneous systems such as 
phase-separated PURs. As for the different quenched samples, it can be expected that 
those quenched from the highest temperature (240°C) show the highest degree of disorder 
and their T gS should at least be close to that of an entirely mixed system. Some 
researchers claim that their PUR systems (like the systems discussed here based on a 
MDIIBDO hard segment) quenched from 240°C are perfectly mixed89• For both materials 
(based on 80% PCL(EBPD) and 60% PCL(EBPD), respectively) it can be seen that these 
Tgs lay far above those predicted by the Fox equation (~T = 12°C for both materials) and 
stilI well above the generalised Fox/Wood equation even when a comparatively high 
value ofk = 1.25 is employed (~T = 4°C and 8°C, respectively), excluding the possibility 
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of experimental error. This shows that both these models do not predict the behaviour of 
our systems very well. Other researchers have employed the FoxlWood equation with 
good success for different PUR systems and found a value for k = 1.1889.161.185, the 
former two for a system based on the same MDIIBDO hard segment, but on a PPO/EO 
soft segment, the latter on an entirely different system to ours, but also based on a 
PPO/EO soft segment. Our T g values lay well below those predicted by the linear model 
(t.T = 18°C and 3°C). This model has also been employed with good success by other 
researchers181 for the same hard segment (MDIIBDO) but for a different kind of soft 
segment (an epoxidized hydroxyl-terminated cis-butadiene). These results show that great 
caution is required when one applies one of the theoretical models to a PUR system. 
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Figure 5.18: Modulation study for the PUR based on 60% PCL(NPG) soft 
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In order to understand T2 better, a further study was conducted to explore the effect of 
different modulation and heating rate parameters on the heat of fusion of T2, using the 
readily available reversible and non-reversible heat flows by means of M-TDSC. The 
results are expressed as the proportion of the reversible heat flow to the total heat of 
fusion of T2 and can be seen in Figure 5.18. It can be seen that the modulation 
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parameters have a strong influence on the measured contribution of the reversible heat 
flow to the total heat of fusion of T2. Firstly, it can be seen that a lower heating rate 
produces lower results. This indicates the influence of kinetic parameters. When the 
disruption of the ordered hard segments begins and mutual penetration of hard segment 
phase and soft segment phase starts occurring, the hard segment blocks have more time to 
move and then migrate deeply into the soft segment phase when a lower heating rate is 
applied. The material (and within it parts of the hard segment moving from a state of 
order to a state of disorder) undergoes the modulation process more often within a 
discrete temperature step when the heating rate is lower. It is interesting to note that for 
one modulation rate and different heating rates, all three points lie on a straight line. This 
is the case for all three modulation rates. 
The influence of the modulation rate is far less pronounced. Only for the highest heating 
rate (3°C/min), a trend can be seen with the contribution of the reversible heat flow to the 
total heat of fusion decreasing with an increasing modulation rate. A higher modulation 
rate makes it theoretically possible for more hard segment blocks to become mobile and 
migrate into the soft segment phase. When a lower heating rate is applied and the 
modulation rate is kept constant (at say +/- I°C/min), the relative frequency of the 
modulation (per temperature step) is increased. This means that the material undergoes 
the modulation process more often. In this case, the influence of one single modulation 
cycle becomes less important for the sample as a whole and, consequently, the sensitivity 
of the instrument goes down and the overall signal becomes more and more independent 
of the modulation rate. 
In summary, it is worth mentioning that the results of the heat of fusion ofT2 do not only 
depend on the heating rate, but in some cases also on the modulation rate, especially 
when a higher heating rate is applied. 
All M -Tnsc results were then evaluated using the same procedure and the proportion of 
the reversible heat flow to the total heat of fusion of T2 was calculated. The results can 
be seen in Figure 5.19. A figure illustrating T2 can be found in section 4.2.1 (Figure 4.1). 
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Figure 5.19: Contribution of the reversible heat flow to the total heat of 
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It can be seen in Figure 5.19, that, generally, the contribution of the reversible heat flow 
to the total heat of fusion decreases with increasing soft segment content. This is a 
general indication of a kinetic effect when the order within the hard segment 
microdomains is disrupted and partial intersegmental mixing occurs, As a consequence, 
less ordered and shorter hard segment blocks will undergo intersegmental mixing easier 
and may also migrate further into the soft segment phase due to their higher mobility. As 
a consequence, these blocks remain in the soft segment phase and do not contribute to the 
reversible heat flow. In the cases of higher soft segment contents, the hard segment 
blocks are generally shorter, and once migrated into the soft segment phase they have less 
ordered hard segment structures within their immediate vicinity. Therefore, the decrease 
in the contribution of the reversible heat flow to the total heat of fusion when the soft 
segment content is increased makes sense. 
It can also be seen in Figure 5.19, that the materials based on CHDM as an initiator of the 
soft segment have generally the lowest contribution of the reversible heat flow to the total 
heat of fusion. This soft segment has already been shown to have a comparatively low 
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mobility due to the stiff cyc10aliphatic groups at its centre. Therefore, it can be expected 
that once hard segment blocks have migrated into the soft segment phase, they will not 
easily phase-segregate. Hence, they do not provide any further contribution to the 
reversible heat flow. 
5.3 Dynamic Mechanical Thermal Analysis (DMTA) 
5.3.1. General remarks 
As already described in Chapter 4, there are a number of transitions and features which 
are reflected in the behaviour of 0', G" and tan (i versus temperature. These are the glass 
transition Tg, the melting of crystalline regions in the soft segment, T1 and T2. These 
materials also show the typical behaviour of a block copolymer, i.e. 0' remains relatively 
constant between Tg of the soft segment phase (rubbery phase) and the first 
disorganisation of the hard segment blocks if no crystalline soft segment sections are 
present. The stability of the plateau and the corresponding level of G" can be taken as 
qualitative indicators of the regularity and quality of the PUR system as has been shown 
in Chapter 4. 
5.3.2. Results and discussion 
As for 0' below Tg, most of the materials exhibited the expected behaviour. That is, G' is 
highest for the materials based on the lowest soft segment content. This was the case for 
the PURs based on PCL(EG) (Figures 5.20a-c), PCL(EBPD) (Figures 5.24a-c), 
PCL(DEG) (Figures 5.25a-c) and PCL(CHDM) (Figures 5.26a-c). In the case of 
PCL(BDO) (Figures 5.21a-c), PCL(HDO) (Figures 5.22a-c) and PCL(NPG) (Figures 
5 .23a-c), it has already been shown in the previous section that these materials have a 
more or less strong tendency to develop crystallinity in the soft segment regions. As a 
consequence, these materials show deviations from the above behaviour and G' is not 
always lower when lower soft segment contents are employed. In the case ofPCL(BDO), 
the material with the highest soft segment content (80% PCL(BDO» developed the 
highest level of G' below Tg, whereas the lower soft segment content materials developed 
comparatively lower levels of G'. This coincides with the highest heat of fusion i1Hr 
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mentioned earlier for this material. In the case of PCL(HDO) and, to a certain extent, 
PCL(NPG), the level of G' is also significantly increased in the material based on 80% 
PCL(HDO), albeit not above G' of the material based on 60% PCL(HDO) or 60% 
PCL(NPG), respectively. 
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Figure 5.20a: Storage modulus, G', versus temperature for the series of 
PURs based on the PCL(£G) soft segment 
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Figure 5.20b: Loss modulus, GH, versus temperature for the series of PURs 
based on the PCL(EG) soft segment 
-- 60% PCL(EG) 
-- 70% PCL(EG) 
-- 80% PCL(EG) 
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Figure 5.21 a: Storage modulus, G', versus temperature Jor the series oJ 
PURs based on the PCL(BDO) soft segment 
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Figure 5.21 b: Loss modulus, G", versus temperature Jor the series oJ PURs 
based on the PCL(BDO) soft segment 
-- 60% PCL(BOO) 
-- 70% PCL(BOO) 
-- 80% PCL(BOO) 
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Figure 5. 21 c: Tan 8 versus temperature for the series of PURs based on the 
PCL(BDO) soft segment 
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Figure 5.22a: Storage modulus, G', versus temperature for the series of 
PURs based on the PCL(HDO) soft segment 
-- 60% PCL(HOO) 
-- 70% PCL(HOO) 
-- 80% PCL(HOO) 
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Figure 5.22b: Loss modulus, G", versus temperature Jar the series oJ PURs 
based on the PCL(HDO) soft segment 
-- 60% PCL(HOO) 
-- 70% PCL(HOO) 
-- 80% PCL(HOO) 
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Figure 5.22c: Tan 0 versus temperature Jar the series oJ PURs based on the 
PCL(HDO) soft segment 
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Figure 5.23a: Storage modulus, G', versus temperature for the series of 
PURs based on the PCL(NPG) soft segment 
-- 60% PCL(NPG) 
-- 70% PCL(NPG) 
-- 80% PCL(NPG) 
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Figure 5.23b: Loss modulus, G", versus temperature for the series of PURs 
based on the PCL(NPG) soft segment 
-- 60% PCL(NPG) 
-- 70% PCL(NPG) 
-- 80% PCL(NPG) 
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Figure 5.23c: Tan 8 versus temperature Jor the series oJ PURs based on the 
PCL(NPG) soft segment 
-- 60% PCL(NPG) 
-- 70% PCL(NPG) 
-- 80% PCL(NPG) 
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Figure 5.24a: Storage modulus, G', versus temperature Jor the series oJ 
PURs based on the PCL(EBPD) soft segment 
-- 60% PCL(EBPD) 
-- 70% PCL(EBPD) 
-- 80% PCL(EBPD) 
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Figure 5.24b: Loss modulus, G", versus temperature f or the series of PURs 
based on the PCL(EBPD) soft segment 
-- 60% PCL(EBPD) 
-- 70% PCL(EBPD) 
-- 80% PCL(EBPD) 
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Figure 5.24c: Tan 0 versus temperature for the series of PURs based 0 11 the 
PCL(EBPD) soft segment 
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Figure 5.250: Storage modulus, G', versus temperature for the series of 
PURs based on the PCL(DEG) soft segment 
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Figure 5.25b: Loss modulus, G", versus temperature for the series of PURs 
based 011 the PCL(DEG) soft segment 
--60% PCL(OEG) 
-- 70% PCL(OEG) 
-- 80% PCL(OEG) 
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Figure 5.25c: Tan 0 versus temperature Jor the series oJ PURs based on the 
PCL(DEG) soft segment 
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Figure 5.26a: Storage modulus, G', versus temperature Jor the series oJ 
PURs based on the PCL(CHDM) soft segment 
-- 60% PCL(CHDM) 
-- 70% PCL(CHDM) 
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Figure 5. 26b: Loss modulus, OH, versus temperature for the series of PURs 
based on the PCL(CHDM) soft segment 
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In all materials, Tg can be recognised clearly from a drop in G', a small maximum in G", 
and, as a consequence, more or less sharp peaks in the tan 8 curves. The broadness of T g 
can be taken as a semiquantitative parameter to describe the numbers of impeding 
environments in the vicinity of a glassy polymer chain starting to undergo the glass 
transition1S3 • Such a comparison was made and can be seen in Figure 5.27. 
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Figure 5.27: Peak width of tan t5 at (tan t5maxl2) for a series of PCL-PURs 
based on different initiators 
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The influence of different initiators on this parameter can be recognised at the higher soft 
segment contents. The materials based on 80% PCL(BDO), 80% PCL(HDO) and, to a 
certain extent, 80% PCL(NPG) have already been shown to develop crystallinity in the 
soft segment regions. This is reflected in a broadening of tan 8, which can be seen above. 
In other respects, the width of tan 8 usually decreases with increasing soft segment 
content, reflecting the decreasing number of impeding environments, i.e. hard segment 
blocks. At lower soft segment contents, the peak widths are virtually independent of the 
initiator which was used. 
The height of the tan 8 peak can also be taken as a semiquantitative parameter to estimate 
179 
the relative volume of the material undergoing glass transition and to estimate the 
influence of soft segment crystallinity6o. The results can be seen in Figure 5.28. 
Figure 5.28: Peak height of tan 0 for a series of peL-PURs based on 
different initiators and different soft segment contents 
1.4r-------r------,------~------_r------_r------,_----__. 
<0 
C 
S 
1.2 
:t: 0.8 
Cl 
'0; 
J: 0.6 
"'" al 
D.. 0.4 
60 70 80 60 70 80 60 70 80 60 70 80 60 70 80 60 70 80 60 70 80 
PCL(EG) PCL(BDO) PCL(HDO) PCL(NPG) PCL(EBPD) PCL(DEG) PCL(CHDM) 
Soft Segment I %SS 
The tan 15 peak heights in Figure 5.28 reflect the same features as Figure 5.27. Usually, 
the peak height increases with increasing soft segment content, reflecting the increasing 
volume of material undergoing Tg• As in the previous figure, deviations from this pattern 
can be seen for the PURs containing higher soft segment concentrations. At 80% 
PCL(BDO), 80% PCL(HDO) and, to a certain extent, 80% PCL(NPG) a remarkable 
decrease in tan 15 at T g can be seen, with the tan 15 falling below those shown by 70% soft 
segment. This tallies well with DSC results and reflects, again, the remarkable influence 
ofthe soft segment initiator on these materials. 
Table 5.5 shows the glass transition temperatures obtained from tan I5max• 
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Table 5.5: Glass transition temperatures for the series of PURs based on 
peL soft segments obtained from tan b;"ax 
Sample Tg/oC 
(+/_2°C) 
60%PCL(EG) -30 
70%PCL(EG) -34 
80% PCL(EG) -36 
60% PCL(BDO) -37 
. 70% PCL(BDO) -34 
80% PCL(BDO) -31 
60% PCL(HDO) -33 
70% PCL(HDO) -35 
80% PCL(HDO) -35 
60% PCL(NPG) -33 
70% PCL(NPG) -34 
80% PCL(NPG) -33 
60% PCL(EBPD) -33 
70% PCL(EBPD) -32 
80% PCL(EBPD) -36 
60% PCL(DEG) -33 
70% PCL(DEG) -33 
80% PCL(DEG) -32 
60% PCL(CHDM) -29 
70% PCL(CHDM) -34 
80% PCL(CHDM) -31 
The Tgs obtained via DMTA are up to 15°C higher than those obtained via DSC. For the 
materials based on PCL(EG), PCL(EBPD) and PCL(CHDM) (soft segments completely 
amorphous below and just above Tg), the Tgs decrease with increasing soft segment 
content. This is not something one would expect, and it does not mirror the results 
obtained via DSC. Here, the T gS have already been shown to increase slightly with 
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increasing soft segment content. However, the T gS obtained via a thermomechanical 
method are always different from T gS obtained via a purely thermal method. In the former 
case, the Tg depends on frequencyl86. This is the reason why Tgs obtained via DMTA are 
always higher than those obtained via DSC. In the case of these PURs with higher soft 
segment contents, a relatively greater volume ofthe material undergoes T g. 
In the case of the PURs based on PCL(BDO), PCL(HDO) and to a certain extent 
PCL(NPG), crystallinity is present in the soft segment regions, increasing with increasing 
soft segment content. This means that more obstacles to free segmental motion are 
present and the previously observed trends are reversed (in the case ofPCL(BDO), where 
the highest amount of soft segment crystallinity is present) or at least partially disrupted 
(in the case ofPCL(HDO) and PCL(NPG». 
In the case of the materials based on PCL(DEG), the soft segment molecules contain an 
ether group which provides more flexibility. This additional degree of mobility is 
reflected in a number of mechanical properties such as the plateau storage modulus G' 
above Tg, Shore A hardness and Young's modulus, which will be discussed below. As for 
the T gS detected via DMTA, they are virtually independent of the soft segment content, 
indicating a less pronounced effect of the volume of the material. 
The influence of the soft segment volume can also be seen when one compares the T gS 
obtained by DSC with those obtained by DMTA. Table 5.6 shows the results. ~T almost 
exclusively decreases with increasing soft segment, except when soft segment 
crystallinity is present, as in the case of PCL(BDO) and PCL(NPG). The only exception 
are the materials based on PCL(HDO), but this might be due to a very weakly expressed 
T g with subsequent difficulties in detecting the maximum in the tan 1i curve, in particular 
ofthe material based on 80% PCL(HDO) (see Figure 5.22c). 
There are also other transitions which can be observed in the DMTA curves. For 
example, the crystallisation peak detected for the material based on 80% PCL(EG) 
detected via DSC is reflected in an increase and decrease of G' above Tg (see Figure 
5.20a). The materials based on PCL(BDO) (Figures 5.21a-b), PCL(HDO) (Figures 5.22a-
b) and PCL(NPG) (Figures 5.23a-b) show a strong decrease in G' and G" between 25° 
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and 50°C, indicating the melting process of crystalline sections in the soft segment phase. 
This mirrors the DSC results. Tl can also be observed in all materials based on 80% soft 
segment, indicated by a drop ofG' and also by an increase ofG". 
Table 5.6: Comparison between TgS obtained by different methods (DSC and 
DMTA) 
Sample ~T: Tg(DMTA) - Tg(DSC) / °C 
60%PCL(EG) 15.7 
70%PCL(EG) 12.4 
80%PCL(EG) 8.6 
60% PCL(BDO) 11.9 
70% PCL(BDO) 14.1 
80% PCL(BDO) 14.4 
60% PCL(HDO) 14.5 
70% PCL(HDO) 12.3 
80% PCL(HDO) 10.2 
60% PCL(NPG) 14.9 
70% PCL(NPG) 12.7 
80% PCL(NPG) 13.8 
60% PCL(EBPD) 12.3 
70% PCL(EBPD) 12.3 
80% PCL(EBPD) 8.6 
60% PCL(DEG) 12.8 
70% PCL(DEG) 11.7 
80% PCL(DEG) 11.2 
60% PCL(CHDM) 12.2 
70% PCL(CHDM) 8.4 
80% PCL(CHDM) 8.9 
It is interesting to note that the melting of crystalline soft segment regions causes a 
decrease ofG" (the material becomes less viscous), whereas Tl causes an increase ofG" 
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(the viscosity of the material increases). This phenomenon can be seen particularly well 
in all materials based on 80% soft segment, where Tl is exhibited more strongly than in 
the other materials based on 60% and 70% soft segment, respectively. This indicates that 
in the case of the melting of crystalline soft segment regions, polymer chains, which have 
already become mobile below the melting point ofthose crystallites, are simply becoming 
more mobile. Tl is, however, more similar to a glass transition, from a mechanical point 
of view. Sections of the material, which are entirely stiff below Tl, can now be 
mechanically freed. This indicates the destabilising effect of Tl on the previously stiff 
hard segment domains and is not in contradiction to other researchers' findings94.185 that 
Tl is the result of an enthalpy relaxation as it occurs reasonably close to the Tg of the 
hard segment. Hereby, glassy chains are believed to have assumed a certain degree of 
order. When T g is approached, or exceeded, the chains start becoming mobile and the 
present order is removed, causing both an endothermic peak in the DSC and a mechanical 
relaxation. 
T2 is, again, more similar to a normal melting process (both G' and G" decrease), and this 
transition eventually causes catastrophic failure in the materials, with the onset 
temperatures lying between 125°C and 175°C. 
As already mentioned above, when PCL(DEG) is used as the soft segment, an ether 
group is introduced which provides additional flexibility. Figure 5.29 shows the storage 
moduli G' for a series of PURs based on 80% soft segment. The melting of soft segment 
crystalli tes can be recognised from a sharp drop in G' for the materials based on 
PCL(BDO), PCL(HDO) and PCL(NPG). Additionally, it can be seen that above the soft 
segment melting point the plateau moduli are independent of the initiator except when 
PCL(DEG) is used. G' is ca. 20-30% lower for this material throughout the entire 
temperature range covered in this plot. This indicates the softening effect of the ether 
group. This tendency is confirmed for the materials based on 70% soft segment, albeit not 
as clearly. This softening mechanism is also reflected in other properties, such as the 
Young's modulus and the Shore A hardness. 
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5.4. Wide Angle X-Ray Diffraction (WAXD) 
5.4.1. General remarks 
As already outlined in Chapter 4, there are generally three phenomena which can be 
expected from a wide angle X-ray diffraction pattern of a phase-segregated PUR. 
a) A broad halo resulting from the amorphous regions in the polymer13O• 
b) Diffraction of X-rays resulting from crystalline regions in the soft segment 
phase54• 
c) Diffraction of X-rays resulting from crystalline regions within the hard 
segment microdomains26,54,1 54, 1 55, 1 56. 
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5.4.2. Results and discussion 
Overall, the results provided further evidence for the previously observed differences (as 
already discussed in the sections concerning DSC and DMT A results) in soft segment 
crystallinity. Furthennore, all the PURs showed broad halos. 
Figure 5.30 shows the WAXD curves for the series of materials based on the PCL(EG) 
soft segment. All materials showed a broad halo, but no distinct peaks as would be 
expected from a truly semi crystalline material. This also shows that the melting 
endothenns observed for these materials result largely from crystallisation and melting 
during the DSC experiments, as already mentioned in sections 5.2.2 and 5.3.2. The 
curves for the materials based on 60% and 70% soft segment seem to be slightly inclined 
to the left, indicating a shoulder at 29 < 20°. This probably results from some crystallinity 
in the hard segment microdomains and will be discussed below. 
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Figure 5.30: W AXD cun>es for the series of PU& based on the PCL(EG) soft 
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Figure 5.31 shows the corresponding WAXD of the pure soft segment. Three main 
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diffraction peaks can be recognised, all of which are absent in the corresponding PURs 
shown above, 
Figure 5.31: W AXD curve for the pure PCL(EG) soft segment 
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Table 5,6 shows the Bragg spacings for the pure soft segment. 
Table 5,6: Bragg spacings for a pure PCL(EG) soft segment 
Sample Diffraction angles 29 I 0 Bragg spacings I run 
100% PCL(EG) 21.5 122.1 123,8 0.413 1 0.402 1 0.374 
Figure 5.32 shows the W AXD curves for a series of PURs based on a PCL(BDO) soft 
segment. Two peaks can be recognised clearly in the curve corresponding to the material 
based on 80% PCL(BDO), and, to a lesser extent, in the material based on 60% 
PCL(BDO), whereas there are no peaks present in the sample based on 70% soft 
segment. These peaks result from crystallinity in the soft segment. These results are in 
good agreement with crystallinity results observed by means of DSC and DMTA, 
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Figure 5.33: WAXD curve for the pure PCL(BDO) soft segment 
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Figure 5.33 shows the WAXD diffraction curve of the pure soft segment. There are three 
main peaks resulting from crystalline regions. Table 5.7 shows the results for all 
materials. Both the larger peaks correspond very well with the data for the pure soft 
segment. 
Table 5.7: Bragg spacings from W AXD curves (PCL(BDO) soft segment) 
Sample Diffraction angles 29 I 0 Bragg spacings I nm 
60% PCL(BDO) 21.3 N/A 23.9 0.417 N/A 0.372 
80% PCL(BDO) 21.2 N/A 23.4 0.419 N/A 0.380 
lOO % PCL(BDO) 21.5 22.1 23.8 0.413 0.402 0.374 
Figure 5.34: WAXD curves for the series of PURs based on the PCL(HDO) 
soft segment 
1500 -- (a) 60% PCL(HOO) 
--(b) 70% PCL(HOO) 
-- (c) 80% PCL(HOO) 
>. 
-·w 1(xx) 
ID 
C (c) 
500 (b) 
(a) 
0 
0 10 20 30 40 &l 
Scattering Angle 29 
Figure 5.34 shows the W AXD curves for all the materials based on the PCL(HDO) soft 
segment. The material based on 80% PCL(HDO) has developed two strong peaks, 
whereas there were no obvious peaks in the other two curves. This tallies reasonably well 
with DSC results as only a very small amount of crystallinity could be detected for these 
two materials. The latter two materials do show a slight skewing to the left, however, 
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resulting from a small amount of crystallinity in the hard segment microdomains, 
expressed as a shoulder on the left side of the broad halo. This is consistent with the 
previously discussed materials and will be discussed in greater detail below. 
Figure 5.35 shows the WAXD curve of the pure PCL(HDO) soft segment. There are 
again three main diffraction peaks. Table 5.8 shows the results. 
Figure 5.35: WAXD curve for the pure PCL(HDO) soft segment 
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Table 5.8: Bragg spacingsfrom WAXD curves (PCL(HDO) soft segment) 
Sample Diffraction angles 26 I 0 Bragg spacings I nm 
80% PCL(HDO) 21.3 N/A 23.5 0.417 N/A 0.379 
100 % PCL(HDO) 21.5 22.1 23.9 0.413 0.402 0.372 
Again, these results tally very well and show that the observed peaks in the PURs result 
from crystalline regions in the soft segment phase. 
As already mentioned in the discussion concerning the DSC results (section 5.2.2), it can 
be seen that a longer linear initiator moiety (such as BDO or HOO) is more likely to 
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promote crystallinity in the soft segment phase than a shorter linear initiator moiety (such 
as EG). This is probably due to the fact that in the case of the latter the two adjacent ester 
groups are very close to each other. Consequently, the steric hindrance between these 
ester groups may be suppressing crystallinity. 
Figure 5.36 shows the WAXD curves for all materials based on the PCL(NPG) soft 
segment. Again, two distinct peaks are seen for the material based on 80% PCL(NPG), 
and, to a lesser extent, from the material based on 60% PCL(NPG). Figure 5.37 shows 
the W AXD curve for the pure soft segment. Again, three distinct peaks can be seen here. 
Table 5.9 shows the results. The results tally reasonably well, indicating the previously 
confirmed presence (DSC, DMTA results in sections 5.2.2 and 5.3.2) of crystalline soft 
segment regions in two of the above PURs, albeit only small amounts could be detected. 
The presence of small aliphatic side chains (two methyl groups) seems to suppress 
slightly crystallinity when compared to linear aliphatic initiators such as BDO and HDO. 
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Figure 5.36: WAXD curves for the series of PURs based on the PCL(NPG) 
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Figure 5.37: W AXD curve for the pure PCL(NPG) soft segment 
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Table 5.9: Bragg spacings from W AXD curves (PCL(NPG) soft segment) 
Sample Diffraction angles 29 I 0 Bragg spacings I nrn 
60% PCL(NPG) 21.3 N/A 2304 00417 N/A 0.380 
80% PCL(NPG) 21.3 N/A 2304 00417 N/A 0.380 
100 % PCL(NPG) 21.6 22.2 23.9 00411 00400 0.372 
Figure 5.38 shows the W AXD curves for a series of materials based on a PCL(EBPD) 
soft segment. No significant soft segment crystallinity was detectable, clearly indicating 
the steric effect of aliphatic side groups in the initiator moiety on the crystallisation 
properties of the PURs. These results tally very well with DSC and DMTA results 
(sections 5.2.2 and 5.3.2) which did not indicate any crystallinity in the soft segment 
regions. 
Figure 5.39 shows the WAXD curve for the pure PCL(EBPD) soft segment. The pure 
soft segment shows the same peaks associated with soft segment crystallinity as those 
which were observed in the previously discussed materials. Table 5.1 0 shows the results 
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for the Bragg spacings. 
Figure 5.38: WAXD curves/or the series 0/ PURs based on the PCL(EBPD) 
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Table 5.10: Bragg spacingsfrom WAXD curves (PCL(EBPD) soft segment) 
Sample Diffraction angles 26 / 0 Bragg spacings / run 
100% PCL(EBPD) 21.4 1 22.0 1 23 .7 0.415 1 0.404 1 0.375 
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Figure 5.40: W AXD curves for the series of PURs based on the PCL(DEG) 
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Figure 5.40 shows the W AXD curves for the materials based on a PCL(DEG) soft 
segment. The DEG moiety also seems to suppress crystallisation of the soft segment, as 
no distinct peaks can be seen. These results confirm what has been detected previously by 
means of DSC and DMTA (sections 5.2.2 and 5.3.2). On the left side of the broad 
diffraction halo, shoulders can be detected for the materials based on 60% and 70% 
PCL(DEG), resulting from crystallinity in the hard segment microdomains, as already 
mentioned elsewhere in this section. This will be discussed in somewhat greater detail 
below. It is interesting to note, however, that the shoulders associated with genuine hard 
segment crystallinity are clearly more visible for the materials based on the PCL(DEG) 
soft segment than for those based on PCL(EBPD) discussed previously, even though their 
T2 enthalpies, detected by means of DSC (section 5.2.2), do not differ significantly. 
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However, all materials based on PCL(EBPD) do exhibit T1 far more strongly. This could 
indicate that those hard segment blocks, which are involved in TI, either suppress 
crystallisation of the remaining hard segment blocks or, more simply, do not contribute to 
genuine hard segment crystallinity. This could be a result of the kinetics involved in 
establishing the morphology of the examined PURs, in particular with respect to steric 
factors, such as aliphatic side chains or ether groups introduced into the polymer chain. 
Figure 5.41 shows the WAXD curve of the pure PCL(DEG) soft segment. The main 
diffraction peaks and their corresponding Bragg spacings are listed in Table 5.11. These 
Bragg spacings correspond well with all previously discussed pure PCL soft segments. 
Figure 5.41: WAXD curve for the pure PCL(DEG) soft segment 
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Table 5.11: Bragg spacings from W AXD curves (PCL(DEG) soft segment) 
Sample Diffraction angles 29 / 0 Bragg spacings / nm 
100% PCL(DEG) 21.4 122.1 123.7 0.415 1 0.402 10.375 
Figure 5.42 shows the WAXD curves for the series ofPURs based on the PCL(CHDM) 
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soft segment. There are no significant peaks emerging from the broad halo. Small peaks 
may be present at ca. 29 = ca. 21 0 for the materials based on 70% and 80% PCL(CHDM), 
but this is by no means evident. Coincidentally, DSC showed only a very small amount of 
crystallinity for the material based on 80% PCL(CHDM). 
Figure 5.43 shows the WAXD curve for the pure PCL(CHDM) soft segment. The same 
three peaks, which were observed in all previously discussed curves of pure soft 
segments, can be seen here as well. All soft segments correspond very well in terms of 
crystallinity. The three major peaks are present in the pure soft segments, indicating a 
very limited influence of the initiator structure on the crystal properties of PCL. The 
results for PCL(CHDM) can be seen in Table 5.12. 
Table 5.12: Bragg spacings from W AXD curves (PCL(CHDM) soft segment) 
Sample Diffraction angles 29 I 0 Bragg spacings I nm 
100% PCL(CHDM) 21.4 1 22.0 1 23 .7 0.415 1 0.404 1 0.375 
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Figure 5.42: W AXD curves for the series of PURs based on the PCL(CHDM) 
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Figure 5.43: W AXD curve for the pure PCL(CHDM) soft segment 
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As already mentioned in Chapter 4, there is evidence for the presence of crystallinity of 
the hard segment blocks. As this is a common feature of both the materials discussed in 
Chapter 4 and Chapter 5, there will be a more extensive discussion of this feature in 
Chapter 6. 
The diffraction angles for all PCL soft segments correspond well with those found by 
other researchersI87.188. 
5.5. Kinetic investigations with respect to soft segment 
crystallisation 
5.5.1. Introduction 
As can be seen from the results discussed already, the choice of the initiator and also the 
choice of the soft segment proportion can have a significant influence on the likelihood 
of the soft segment undergoing crystallisation. It was, therefore, considered important for 
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several reasons, to obtain further information about the kinetics of this process. Firstly, 
the reliability of the previously obtained results has to be checked, and secondly, 
crystallinity in the soft segment regions has a significant influence on the properties of 
the final PUR materials. 
As outlined in Chapter 4, a series of several months old PUR materials based on 80% soft 
segment content was placed into an oven at 70°C (well above the melting point of the 
soft segment, but also below the start of Tl). After 30 minutes, the samples were 
removed from the oven. The Shore A hardness was determined in regular intervals while 
the samples were stored at ambient temperature. 
5.5.2. Results and discussion 
Figure 5.44 shows the results of the thermal treatment and the subsequent hardness 
development of the investigated PUR samples. At the beginning of the experiment (i.e. 
before the thermal treatment), three samples show strong evidence of soft segment 
crystallinity (i.e. a high Shore A hardness). These are the samples based on PCL(BDO), 
PCL(HDO) and PCL(NPG), respectively. Their hardness was 95 Shore A, 94 Shore A 
and 85 Shore A, respectively. This coincides very well with the results discussed 
previously. Consequently, these materials experience a sharp drop of Shore A hardness 
following the thermal treatment (to 63 to 68 Shore A hardness). This is accompanied by a 
change in the appearance, i.e. the materials become translucent, as opposed to being 
opaque before the treatment. All other materials experience a slight drop in hardness as 
well of between two and seven units, but do not change their appearance. Interestingly, 
the previously crystalline materials do not show any tendency towards recrystallisation. 
After 250 hours, no significant increase in hardness has taken place, and the materials 
remain translucent. Even after more than one year, the materials remain soft and 
translucent. This indicates that the soft segment crystallinity of these materials is not very 
stable and in spite of the obvious differences obtained with respect to the initiator 
moieties very sensitive towards other factors such as hard segment content (as shown 
previously), and also time-induced macroscopic morphology changes in the PUR material 
as a whole. The effect of storage time and also annealing conditions is well known among 
both PUR manufacturers and scientists and has been studied extensiveIY7,84,85,89.95. As 
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the soft segment is completely (or in some cases partially) amorphous, significant chain 
movement is still occurring and as a consequence, changes in the hard segment 
microdomains may have occurred. Short hard segment units which may have not phase-
separated at the manufacturing temperature of 70°C due to their high mobility may now 
have developed some form of interaction which may, in turn, act as an obstacle to further 
soft segment crystallisation. Kloss et al. 189 prepared PURs based on PCL soft segments, 
albeit with a different hard segment (TDJJBDO). Their materials regained crystallinity 
after melting, within a few days. 
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Figure 5.44: Shore A hardness after thermal treatment for a series of PUR 
materials based on 80% peL soft segment 
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Another interesting result is the comparatively low Shore A hardness of the material 
based on 80% PCL(DEG). Whereas all the other materials develop a Shore A hardness 
between 65 and 70, this material shows a significantly lower hardness of ca. 60 Shore A. 
This is a direct consequence of the ether group, which has been introduced into the soft 
segment. This result tallies very well with DMTA results (see section 5.3.2) and Young's 
modulus (as will be discussed in section 5.9.2). 
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Table 5.13: Densities for the series of PURs based on the different peL soft 
segments and at different soft segment contents 
Sample Density 1 g. cm-3 
(+1-0.01) 
60%PCL(EG) 1.18 
70% PCL(EG) 1.15 
80%PCL(EG) 1.14 
60% PCL(BDO) 1.18 
70% PCL(BDO) 1.16 
80% PCL(BDO) 1.15 
60% PCL(HDO) 1.18 
70% PCL(HDO) 1.16 
80% PCL(HDO) 1.15 
60% PCL(NPG) 1.19 
70% PCL(NPG) 1.17 
80% PCL(NPG) 1.15 
60% PCL(EBPD) 1.17 
70% PCL(EBPD) 1.15 
80% PCL(EBPD) 1.13 
60% PCL(DEG) 1.17 
70% PCL(DEG) 1.15 
80% PCL(DEG) 1.14 
60% PCL(CHDM) 1.17 
70% PCL(CHDM) 1.15 
80% PCL(CHDM) 1.12 
5.6. Density 
5.6.1. General remarks 
Again, it is expected that different features of the examined PURs will be reflected in the 
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density values. 
a) The soft segment / hard segment ratio. It would be expected that ordered 
structures like hard segment microdomains increase the overall density of a 
PUR. 
b) The chemical backbone of the soft segment. As the soft segments reported in 
this chapter are virtually identical in terms of the chemical backbone the 
difference in terms of density values would not be expected to be very big. 
c) Crystallinity in the soft segment phase. It has already been shown that several 
PUR materials based on PCL soft segments do tend to develop strong soft 
segment crystallinity, whereas others do not exhibit any. This would be 
expected to lead to differences in the obtained density values. 
5.6.3. Results and discussion 
Table 5.13 shows the density values obtained for several series of PURs based on the 
PCL soft segments with different initiators. The density decreases with increasing soft 
segment content, indicating the influence of the hard segment and its packing following 
high cohesive energies7 among urethane groups. The influence of the initiator types, or 
soft segment crystallisation, on density is not evident. All densities decrease with 
increasing soft segment content, even those with a comparatively high amount of 
crystallinity in the soft segment phase. 
5.7. Small Angle X-ray Scattering (SAXS) 
5.7.1. General remarks 
As already outlined previously, the heterogeneous structure of PURs and the different 
electron densities of the hard and soft segments, respectively, gives rise to the scattering 
of electromagnetic radiation 130. The maximum in the scattering function can be used to 
calculate the so-called long period distances or interdomain spacings29• 
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5.7.2. Results and discussion 
Table 5.14 shows these values for several series of the PURs based on the PCL soft 
segments and different soft segment contents. The interdomain distances increase with 
increasing soft segment content. This is a finding which would be expected, because 
there has to be a greater interdomain distance when the actual hard segment content 
decreases. The domain spacings are in good agreement with other researchers' 
findings29,30,39,54,96,144,15I,157.163. It has to be noted, however, that for the smallest soft 
segment content, the maxima of their scattering functions were not very strong, indicating 
a strong degree of intersegmental mixing. This is indicated by the somewhat larger 
variation of the interdomain spacings which were very difficult to determine accurately. 
The interdomain distances observed in the materials based on 80% PCL soft segments 
with aliphatic initiators seem to be somewhat bigger than those based on other initiator 
moieties. No explanation is immediately forthcoming. 
Figures 5.45 to 5.51 show the scattering functions for all materials based on PCL soft 
segments. In all these figures, the scattering resulting from the phase-separated structure 
can be seen between 0.5 and 0.75 nm· l . It can also be seen, that the scattering intensities 
decrease with increasing soft segment content, indicating the lower amount of hard 
segment, and, hence, the lower degree of heterogeneity. 
However, all the PURs exhibit a second, very important feature: there is a second 
scattering maximum for much smaller values of q. This can be seen in all Figures 5.45 to 
5.5 I at 0 ::; q ::; 0.5 where the curves increase very steeply. The maximum of the curves 
can be seen in most cases. The scattering angle is reversibly proportional to the size of 
the structure being detected, and, as a consequence, the scattering angle sometimes 
becomes too small to be reliably distinguishable from the main beam. Additionally, there 
is a beam stop in the centre of the detector. The resolution of a SAXS instrument is 
limited by several factors, such as the distance between sample and detector, the distance 
between slit and sample and the accuracy of the focusing of the beam (slit width)19o. The 
number of points detected that close to the resolution borderline is also quite small. The 
instrument used in this work is limited in resolution. These experiments need to be 
repeated using a synchrotron radiation source. Time did not permit this. Table 5.15 shows 
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the size values for the corresponding structures. 
Table 5.14: Interdomain distances for the series of PURs based on the 
different PCL soft segments and at different soft segment contents 
Sample Average long period / run 
60%PCL(EG) 10.5 
70%PCL(EG) 10.8 
80%PCL(EG) 12-12.5 
60% PCL(BDO) 9.9 
70% PCL(BDO) 10.7 
80% PCL(BDO) 14.5 
60% PCL(HDO) 9.9 
70% PCL(HDO) ca. 10.5 
80% PCL(HDO) 14-16 
60% PCL(NPG) 10.1 
70% PCL(NPG) 10.5-11 
80% PCL(NPG) ca. 12 
60% PCL(EBPD) 10.0 
70% PCL(EBPD) 10.8 
80% PCL(EBPD) 10-11 
60% PCL(DEG) 10.2 
70% PCL(DEG) 10.5 
80% PCL(DEG) 11-12 
60% PCL(CHDM) 10.1 
70% PCL(CHDM) 10.3 
80% PCL(CHDM) 10-11 
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Figure 5.47: SAXS curves Jar all the materials based on the PCL(HDO) soft 
segmel/t 
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Figure 5.48: SAXS curves Jar all the materials based on the PCL(NPG) soft 
segmel/t 
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Figure 5.49: SAXS curves/or all the materials based on the PCL(EBPD) soft 
segment 
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Figure 5.50: SAXS curves for all the materials based on the PCL(DEG) soft 
segment 
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Figure 5.51: SAXS curves for all the materials based on the PCL(CHDM) 
soft segment 
- - 60% PQ.(CHDM) 
-- 70% PQ.(CHDM) 
-- 80% PQ.(CHDM) 
--
, , , 
0.0 0.5 1.0 1.5 2.0 2.5 
q I nm-1 
It can be seen in Figures 5.45 to 5.51 and Tables 5.14 and 5.15, that almost all materials 
have developed the same pattern, except possibly the first two sets based on PCL(EG) 
and PCL(BDO). This is an interesting yet unexpected finding. It seems that the first 
structure consisting of small domains in the size of 10 to 15 run is actually superimposed 
by a second, much coarser structure. As already mentioned, the number of points 
recorded that close to the main beam is small. Therefore, the values recorded in Table 
5.15 are expressed as an area of values rather than discrete numbers. This kind of 
structure has certainly not been reported before in the literature. On the other hand, 
normally researchers29,30.l9,54,96,1 44, 151.1 57-163 do not evaluate the SAXS patterns at such 
low scattering vectors, for the reasons of limited resolution listed above. 
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Table 5.15: Domain sizes corresponding to second max.ima in the SAXS 
curves for all the PURs based on the peL soft segments 
Sample Structure size / run 
60% PCL(EG) 90 - >100 
70% PCL(EG) > 11 0 
80% PCL(EG) 90 - > 100 
60% PCL(BDO) 90 - > 100 
70% PCL(BDO) 80-90 
80% PCL(BDO) 80->120 
60% PCL(HDO) 80-90 
70% PCL(HDO) 80-90 
80% PCL(HDO) 80-90 
60% PCL(NPG) 80-90 
70% PCL(NPG) 80-90 
80% PCL(NPG) 80-90 
60% PCL(EBPD) 80-90 
70% PCL(EBPD) 80-90 
80% PCL(EBPD) 80-90 
60% PCL(DEG) 80-90 
70% PCL(DEG) 80-90 
80% PCL(DEG) 80-90 
60% PCL(CHDM) 80-90 
70% PCL(CHDM) 80-90 
80% PCL(CHDM) 80-90 
5.8. Tear strength 
5.8.1. General remarks 
As discussed in Chapter 4, the detemlination of tear strength has attracted the interests of 
many a researcher over the past fifty years 106-1 16 However, there are quite a few points 
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which have to be mentioned in terms of the experimental technique and the significance 
of the results. 
a) The obtained values depend strongly on the shape of the specimen. The difference can 
be up to one order of magnitude 104 . 
b) High ly elastic materials, such as some PURs, do not always develop a constant tearing 
force (recognisable as a plateau in the force-deflection curve), but do rather show an 
increase of the deformation force with increasing deformation. This can eventuall y 
result in catastrophic failure . 
c) Sometimes, the force-deflection curve exhibits a distinct zigzag pattem. This is due to 
the occurrence of strain crystalli sation and successive catastrophic fa ilures. A localised 
build-up of stress in the specimen at the tip of the cut leads to a high degree of 
ori entatio n and , consequently, to a certain degree of strain-induced crysta lli sation. 
When a certain force is exceeded, the material fail s in a catastrophic fashion, i.e. the 
crack proceeds at a speed far greater than the deformation rate. This leads to an overall 
decrease of stress in the specimen, and , hence, to a decrease of stress at the crack tip . 
Eventually, crack propagation stops and the build-up of stress in the specimen starts 
agalll. 
Figure 5.52: Typical force deflection curve of a PUR based 0 11 a peL soft 
segmelll 
Deflection 
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Often b) and c) occur at the same time. This makes the evaluation of the force-deflection 
curves very di ffi cult. A typical example of one of the obtained force-deflection curves 
can be seen in Figure 5.52. It can be inferred, that it is quite difficult to obtain a tear 
strength value from the force-deflection curves if phenomena b) and c) occur at the same 
time. If the curve looked like the below, the maximum force was used for the calculation 
of tear strength. 
As for the evaluation of the results, if the increase of the curve was rather steep, (b), then 
the max imum force was considered for the calculation of the tear strength . If there was a 
lot of sti ck-slip effects (c) the maximum forces were averaged. 
It has also to be noted that only a fraction of the impressed force is actually transfonlled 
into the creation of fresh surface. Large portions of the energies invo lved are transfonned 
into elasti c and plastic deformation of the entire specimen (especially in the shoulder 
regions of the specimen), but strain crystalli sation in the shoulder regions might also 
occur, stiffening them further, thereby increas ing the amount of energy not taking part in 
the tearing process. These are among the main reasons why tear strength values are 
ex tremely dependent on the geometry of the specimen. 
In thi s section of the thesis, an attempt was made to relate the results of a dynamic test 
method to the results of all previously discussed lIoll-dynamic test methods. 
5.8.2. Results and discussion 
The results for all materials can be seen in Figure 5.53 . There are a number of things 
which can be seen. Firstly, there is no significant influence of the initiator moiety when 
lower (i.e. 60%) soft segment contents are employed. All values lie more or less between 
45 and 50 N.m· l . Equally, the Shore A hardness values are more or less identical, 
indicating the low amount (if any) of crystalline soft segment present. Additionally, these 
values are, bar a few exceptions, the highest tear strength values, indicating the strong 
influence of the hard segment microdomai n structure on tear strength . 
210 
70 
60 
";" 50 
E 
E 
z 
-
40 
.t: 
-Cl 
C 
Q) 30 .. 
-Cl) 
.. 
C'CI 
Q) 
I- 20 
10 
o 
Figure 5.53: Tear strellgth for the difJerent series of PURs based 0 11 difJerelll 
soft segment initiators alld at difJerent soft segment contents (numbers on top 
of colul11ns illdicate Shore A hardlless) 
4 i ~ 93 93 86 94 £ 93 
-
- -
~ 94 
86 86 
87 
86 
- - -
- - - 1f3 -
86 
- - -
- - 1- - - -- - -
68 67 
1- - - - - - - - - 1- - - - - 86--59-
T 
67 
- -
-
- - - - - - - -
- r- - --
JOl 
Soft Segment I Proportion 
At 80% soft segment content, however, the influence of the initi ator moiety on tear 
strength is remarkable. It can be seen that those materials with the highest amount of so ft 
segment crysta llinity (BDO- and HDO-initiated materials) exhib it by far the highest tear 
strength values (also the highest Shore A hardness). The influence of al iphatic side chains 
on tear strength can also be seen. The materi al based on 80% PCL(N1'G) has got a very 
simi lar tear strength to the materials based on 80% PCL(EG), PCL(DEG) and 
PCL(CHDM), even though the Shore A hardness value is much higher (due to soft 
segment crystalli sation, as has been shown by means of DSC and DMT A, see sect ions 
5.2.2 and 5.3.2.). [t can be inferred that there is less strain crystalli sation occurring. This 
effect is even more pronounced for the material based on 80% PCL(EBPD), the material 
wi th the largest aliphatic s ide chains in the soft segment chain. The tear strength value is 
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nearly halved in comparison to materi als based on PCL(MEG), PCL(NPG), PCL(DEG) 
and PCL(CHDM) and is less than 20% of those values obtained for highly crystall ine soft 
segment containing PURs, such as PCL(BDO) and PCL(HDO). It can also be seen that 
the prev iously discussed influence of the ether group in the PCL(DEG) soft segment is 
exhi bited as a lower Shore A hardness (59 Shore A, as opposed to 67/68 Shore A) 
compared to equally non-crystalline materi als. On the other hand, thi s softening effect of 
the ether group has no detrimental effect on tear strength . 
These effects also feature partia lly in those materials based on 70% soft segment, albeit 
not as stro ngly. The materia l based on 70% PCL(DEG) is slightly softer (83 Shore A as 
opposed to 86/87 Shore A) and the materi al based on PCL(EBPD) also has the lowest 
tear strength value, due, possibly, to the impeding effect of the aliphati c side chains on 
soft segment crystalli sation. 
It also has to be noted that the experimental error is quite high (+1- 15%), main ly due to 
the difficult ies in eva luating the force-deflection curves identically for each materi al and 
test speci men. 
5.9. Tensile testing 
5.9.1. General remarks 
It has already been shown in the previous section and in Chapter 4 that it is possible to 
relate the results obtained by means of non-dynamic test methods to those obtained by 
means of a dynamic test method, such as the measurement of tear strength . In this 
section, it is intended to support the conclusions from the previous sections which dealt 
mainly with non-dynamic experimental techn iques. 
It has already been outlined extensively in Chapter 4, that a stress-strai n curve obtained 
duri ng a tensi le test can be basically div ided into three sections. Wi thin those, elastic 
de formation, plasti c defom1ation and , eventually, strain-induced crystalli sation occurs. 
The parameters which were measured, or ca lculated, have been outlined in Chapter 3, 
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section 3.4.7 .1. 
5.9.2. Results and discussion 
Figure 5.54 shows the ultimate tensile strength results for several series of PURs based 
on the different PCL soft segments . The results do not depend very much on the soft 
segment content. This could be due to two different reinforcement mechanisms. At 
higher hard segment contents, the physical crosslinking due to the microphase separation 
has a beneficial effect on the tens ile properties of the materials. When the hard segment 
content decreases, a second effect presumably comes into play: due to a decreased hard 
segment content there are less spat ial restrictions on amorphous soft segment chains to 
align and, eventually, to develop strain-induced crystalli sation. It seems that at 70%, both 
effects combine in the most beneficial way. 
There are, however, effects of the initiator moieti es as we ll. It can be seen, that all 
materials based on PCL(EBPD) do have lower ultimate tensile strengths than most of the 
other materials when materials with the same soft segment content are compared. There 
is only one other material which exhibits a lower ultimate tensile strength , the one based 
on 80% PCL(DEG). This is presumably due to the so ftening effect of the ether group, as 
this materials exhibits a significantly higher elongation at break. The effect of the ether 
group and its lower rotational energy has already been shown to have an effect on several 
other properties, i.e. DMT A properti es and Shore A hardness. 
Overall, the effect of the in itiator moiety on tensi le strength is not as significant as the 
effect on, say, tear strength. This is presumably due to the fact that the applied stresses 
are not concentrated on one point where they can trigger the most dramatic consequences. 
Therefore, in a tear strength experiment, the material fails much quicker, probably before 
the onset of large-scale strain-induced crystallisation. On the other hand, the stress 
distribution in a dumbbell specimen is far more even. Therefore, more large-scale strain 
crystalli sation can occur and the material is less prone to fai lure. 
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Figure 5.55 shows the elongation at break results for several series of PURs based on the 
different PCL soft segments. There is, again, not much influence of the hard segment 
content on the elongation at break values with overall only a slight increase of va lues 
around 600% (60% soft segment content) over ca. 650% (70% soft segment content) to 
about 700% (80% soft segment content). Again, this is probab ly due to the two di fferent 
reinforcement mechan isms as already mentioned above. Otherwise, it is evident that the 
materia ls become more ductile and less brittle when higher soft segment contents are 
employed. 
The influence of the initiator moieties is lim ited, with the exception of the material based 
on 80% PCL(DEG), which has a sign i licantly higher elongation at break than all other 
materia ls, presumably as a consequence of the plasticising effect of the ether group. This 
effect Ill ay also be present at 60% PCL(DEG), albeit the values here are identica l, within 
experimental en-or. Overall , materials based on PCL(EBPD) seem to have rather low 
values, again possibly indicating the effect of large side chains on strain crystallisation. 
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The materials based on PCL(CHDM) also seem to exhibit lower values (within 
experimental error), possib ly indicating the chain-stiffening effect of the rather bulky and 
heavy cycloal iphat ic moieti es in the centre of the soft segment molecule. 
Figure 5.55: Elongation at break for the different series 0/ PURs based 011 
Ihe different soft segment initiators and at different soft segment contenls 
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Figure 5.56 shows the results for Young's modulus. There is a general decrease of 
Young's modulus with increasing so ft segment content. Clearly, the materi als become 
softer due to the lower amount of physical cross linking and the higher content of rubbery 
phase. 
There is also a strong influence of the initiator moieti es. This is particu larl y emphasized 
when the highest soft segment content is employed (80%). It can be seen very clearly that 
those materials with a substantia l amount of soft segment crystallini ty (those based on 
80% PCL(BDO), PCL(HDO) and PCL(NPG), as detected by DSC and DMTA) do 
exhibit strongly increased values for Young's modulus. These values lie in between 40 
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and 50 MPa, when the highest amount of soft segment crystallinity is present 
(PCL(BDO) and PCL(HDO» , and lie above 20 MPa when the soft segment crystallinity 
is substan tial (PCL(NPG». The modulus values are much lower (below 10 MPa) when 
so ft segment crystallinity is negligible, or not present at all (PCL(EG), PCL(EBPD), 
PCL(DEG) and PCL(CHDM» . These findings tally reasonably well with the results 
obtained by means of DSC, DMTA and Shore A hardness measurements. 
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Figure 5.56: Young's moduli for the difJerent series of PURs based 0 11 the 
difJerellt soft segmellt initiators and at difJerent soft segment cOlltents 
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At 70% so ft segment content, the values are practically independent of the initiator, 
except when PCL(DEG) is used. This softening influence of the ether group has already 
been di scussed elsewhere and these results confirm its influence. At 60% soft segment 
content, the material based on PCL(BDO) exhibits the highest value. This is the result of 
crystallinity in the soft segment phase, as has been shown by DSC. The material based on 
PCL(DEG) exhibits a lower value, again showing the strong influence of the ether group 
on the final properties of the materi al. The influence of the ether group seems to be 
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stronger than expected (value is ca. 30-40% lower) , but these findings do tally really well 
with findings by means of other experimental techniques such as DMT A and Shore A 
hardness. The value of the materia l based on 60% PCL(CHDM) al so seems to be slightly 
elevated. This could be due to the stiffness of the cycloaliphatic ring, but thi s has not 
been shown to be refl ected in the results obtained by means of other teclmiques. 
5.10. Strain-induced crystallisation 
5.10.1. General remarks 
As has already been discussed ex tensively, several properties of the materials 
investigated in thi s study depended strongly on the more or less strongly expressed 
tendency of the soft segments to crystalli se. This has been shown to have an effect on 
thennal and mechanica l properties such as Tg, hardness, Young's modulus and density, 
measured by means of a number of di FFerent non-dynamic experimentation techniques. It 
has also been discussed that other properti es such as tear strength and ultimate tensi le 
strength, which are essent ially detemlined by means of dynamic methods, can be related 
to non-dynamic properties. It has, therefore, been assumed that strain-induced 
crysta lli sation also plays a part in the properties of these PURs, as suggested by other 
researchers64 ,191,192 This has been supported by the fact that most stress-strain curves did 
exhibit an upwards trend when higher strain values (several 100%) were attained . 
Therefore, a seri es of experiments to prove that strain-induced crysta lli sat ion is genuinely 
taking place have been conducted. Two experimental techniques were picked. 
a) Tensile tests at different stra in rates: as crystallisation is dependent on kinetic fac tors, 
it would be expected that the strain rate of a tensile experiment should have some 
influence on both the shape and the values of the stress-strain curves. 
b) W AXD experiments under strain: as the crystallisation of the soft segment has been 
shown to be detectable by means of W AXD, it would be expected that an increased 
amount of crystallinity in the soft segment wi ll influence the shape and size of the 
di ffraction peaks. As thi s was considered as a development of a new technique, it was 
also envisaged to use thi s method to determine the degree of soft segment 
crystallisation semiquantitati vely, or even quantitatively. 
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5.10.2. Tensile experiments at different strain rates 
Two materials were picked for this experimentation: PURs based on 60% PCL(NPG) and 
70% PCL(NPG). Tests were conducted at three different test rates: 125 mm/min; 250 
mm/min and 500 mm/min. 
, 
Figure 5.57: Stress-strain curves Jor the PUR based on 60% PCL(NPG) at 
three different strain rates 
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Figure 5.57 shows the stress-strain curves for the material based on 60% PCL(NPG). The 
shape of the stress-strain curve clearly depends on the app lied strain rate. Up to ca. 200 -
250% strain , the curves look close to identical. However, above that the stresses increase 
in different ways, indicating the influence of kinetic parameters on the strain-induced 
crystallisation. It can be seen very clearly that the higher the strain rate the less steep the 
increase of the stress is. This clearly shows that strain-induced crystallisation occurs and 
that strain-induced crystallisation is a kinetic process. It also seems that Young's modulus 
is not affected by the strain rate, indicating that there is only very little (if any) stress 
relaxation occurring. [t can also be seen that the ultimate tensi le strengths (maximum 
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stresses in the above curves) al so seem to increase with decreasing strain rate (from ca. 
32 MPa to over 40 MPa), whereas the elongation at break does not seem to be strongly 
affected. In many other materi als, the influence of strain rate would be the opposite, 
fo llowing the occurrence of simul taneous stress relaxation during the test l93, i.e. ultimate 
tensile strength , elongation at break and Young's modulus would decrease with 
decreasing strain rate. One has to note, however, that the applied strain rates are still 
relati vely high. This, and the physica lly cross linked structure of the material , might be the 
major reasons why no significant stress relaxation seems to occur during the test. 
, 
., 
Figure 5.58: Stress-straill curves for the PUR based 0 11 70% PCL(NPG) at 
three different strain rates 
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Figure 5.58 shows the stress-strain curves for a PUR based on 70% PCL(NPG) at the 
same three di fferent strain rates. The same effects apply, even though the effect o f the 
strain rate is not as strong. This indicates that strain crystalli sation is occurring more 
instantaneously in thi s material, due to the lower amount of hard segment which might 
provide a steric hindrance to the alignment at ex tension of the so ft segment chains. 
Overall , modulus and elongation at break seem to be relati vely unaffected by different 
stra in rates, whereas the ultimate tensi le strengths seem to increase slightly with 
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decreasing strain rates, albeit probably within experimental error. 
5.10.3. Wide angle X-ray diffraction under stress 
Two materials were investigated : one based on 80% PCL(HDO); the other based on 80% 
PCL(DEG). The former already has a substantial amount of crystallinity in the soft 
segment regions, but the soft segment of the latter is completely amorphous. Different 
strains were applied (0%, 100%,200%,300%, 400% and 500%) and eight W AXD scans 
were taken for each strain ratio . 
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Figure 5.59: WAXD curves at different strain ratios Jar the PUR based on 
80% PCL(DEG) 
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Figure 5.59 shows the W AXD curves for the PUR based on 80% PCL(DEG). At 0% 
strain (black curve), only a broad halo can be seen, indicating the phase separated, and 
non-crystalline, structure of the material. At 100% strain (orange), the broad halo gets 
slightly more intense, but no additional peaks appear. At 200% strain (b lue), however, 
peaks appear at 28 '" 21 ° and 23°. These coincide well with those obtained for the pure 
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soft segment (see section 5.4.2) and increase steadily with increasing strain, showing that 
the onset of strain-induced crystallisation lies somewhere between 100% and 200% 
strain. It can be seen, that the peaks steadily increase in size from 300% strain (red) to 
400% (yellow) to 500% strain (green).This proves that strain-induced crystallisation is 
actually taking place. 
Figure 5.60: W AXD curves at different strain ratios for a PUR based on 80% 
PCL(DEG) 
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Figure 5.60 again shows the W AXD curves for the material based on 80% PCL(DEG), 
but in a 3D view which makes some time effects visible. At 400% strain (yellow) and 
500% strain (green), the intensity of the main peak actually increases with time and then 
seems to plateau off. The time effect in this experiment has to be taken into 
consideration, in particular as it takes a certain amount of time to increase the strain 
(manually) by 100% each time (ca. 10 to 12 minutes) and to undertake each scan (2.5 
minutes). 
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Figure 5.61: W AXD curves at different strain ratios for a PUR based 011 80% 
PCL(HDO) 
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Figure 5.61 shows the WAXD curves at different strain rates for the material based on 
80% PCL(HDO). There is already a certain amount of crystallinity present, indicated by 
two peaks at 0% strain (black curves) at 29 '" 21 ° and 23°. These coincide well with the 
peaks obtained for the pure soft segment (see section 5.4.2). Again, the peak height 
increases with increasing strain. It can also be seen, that with increasing strain the peaks 
seem to move to lower 29 values. This could be due to a decrease of the thickness of the 
sample with increasing strain. As a consequence, the sample surface recedes, the X-ray 
beam hits the sample at a lower point and 29 seems to be smaller. This phenomenon is 
illustrated in Figure 5.62. 
As this method, in particular the clamping equipment, was developed for this project, it 
was deemed advisable to note a few of the observations which were made during the 
experiments: 
a) Under the given experimental conditions, the occurrence of stress relaxation call1ot be 
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excluded, as the measurement of each strain takes ca. 30 minutes (ca. ten minutes for 
stretching the sample and 20 minutes for the scans). 
b) This relative ly long time scale makes it difficult to undertake kinetic studies. 
c) The clamp unit which was used has got space restrictions. The starting area of each 
sample has to be big enough (40mm x 40mm at least). Each sample can then only be 
stretched to a maximum of 200mm (this wou ld mean a maximum of 400% strai n). 
Therefore, two sets of samples had to be prepared: the first sample was used to 
measure the W AXD curves at 0%, 100%, 200% and 300% strain, a second sample had 
to be used to measure the W AXD curves at 400% and 500% strain . [t is very di fficult 
to apply an identical strain hi story to the second sample. A photo of the clamp unit can 
be fou nd in Chapter 3, section 3.4.3 .2. 
d) The samples get progressively thinner with increasing strain. On the one hand, this 
changes the distance from the beam generator to the sample and is at least partially 
responsible for the shift of the diffraction angle to the left (see Figure 5.62). On the 
other hand, this also reduces the amount of diffraction as less sample volume is in 
contact with the X-ray beam. As the initial sample thickness was only a few 
mi llimetres, more and more X-rays actually leave the sample on the other side without 
diffraction. This makes it very difficult to undertake quant itative studies. 
Figure 5.62: Effect 0/ receding specimen sur/ace with increasing strain due 
10 fhinning o/fhe specimen 
e 
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The issue of stress relaxation was addressed, and the stress relaxation properties of two 
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materi als were determined: one materi al based on 80% PCL(EBPD) and the other based 
on 80% PCL(BDO). The resu lts can be seen below. 
Figure 5.63 shows the stress relaxation behaviour of a material based on 80% 
PC L(EBPD). Different strains (100%, 200% etc., up to 500%) were applied and the stress 
relaxation behaviour was observed. There is a significant amount of stress relaxat ion 
occurring. Each stress relaxation step takes one hour, and it can be seen that there is a 
significant decrease of stress in the first section of each curve (equivalent to ca. ten 
minutes at lower strain ratios and equivalent to ca. 20 minutes at higher strain ratios) . It 
can be seen as well that the stress actually stabilises at a high level (ca. 50% or more of 
the ori ginal stress) . This is certainly helped by the fact that the soft segnlent chains start 
crysta lli sing. With respect to the W AXD experiments, it was, therefore, assumed that the 
majority of stress relaxat ion occurs during the time when the sample was stretched 
manuall y. Underneath the curves the test specimen which was used can be seen. The 
appli ed stress hi story is almost totally reversible, as the specimen almost returns to its 
actua l size, an indication for the stability of the physical network. 
Additionally, another stress relaxation experiment was conducted at 300% strai n, with a 
sample based on 80% PCL(HDO). The results can be seen in Figure 5.64. There is a 
certain amount of strain relaxation occurring, the stress falls from a max imum of ca. 70 
MPa to ca. 40 MPa, which is ca. 60% of the initial value. It can also be seen that the bulk 
of the st ress relaxat ion occurs with in the first ten to fifteen minutes. After that, the stress 
level levels off on a relati ve ly high value, indicating the influence of the physica l 
network, which prevents further creep of polymer chains. With respect to the W AXD 
experiments under strain, this shows, again, that there is probab ly not a great deal of 
stress relaxation occurring during the recording of the W AXD curves. This sample is 
based on a soft segment far more likely to crystallise, and, in fact , there is already a 
significant amount of crystallin ity present when the stress relaxation experiment was 
started. It can be seen that this material stays pemlanently defomled after the experiment 
due to the reorientation of crystall ites. The strain-induced crystalli sation is not reversible 
(at least not entirely), as opposed to the previously discussed sample. This shows, again, 
the influence of the init iator moiety on strain-induced crystallisation properties and 
confinns the findings by means of other experimentat ion techniques, such as DSC, 
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DMT A, tear strength, hardness etc., which have shown that the use of EBPD as an 
initi ator suppresses crystallin ity in the soft segment, whereas HDO promotes it. 
Figure 5.63: Stress relaxation curves at different strain ratios for a PUR 
based 0 11 80% PCL(EBPD) and used test specimen 
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5.11. Pulsed Force Microscopy (PFM) 
As already outlined in section 3.4.8, PFM is concerned with obtaining contrasts by 
operating an AFM (Atomic Force Microscope) in intermittent contact mode. These 
experiments were undertaken to gain a better understanding of the morphology of the 
PUR materials, and also in order to supplement the information about heterogeneity 
gathered by means of SAXS. The morphology of PURs has attracted the interest of many 
researchersJ5,58.81 ,82.84,85.9).96,144. 145,150.155.157.1 59.16) .1 64, 168, 189, 194.195, 196,197, 198.200,201 .202.20).204.20 
7.208,215,216.217 Some have used AFMIPFM to study PUR elastomers
'
)6, 194.201. 
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Figure 5.64: Stress relaxation curves al 300% strain for a PUR based on 
80% PCL(HDO) and the used lest specimen 
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Due to time and financial restrictions, only a small number of images were obtained 
These can be seen in Figure 5.65 and 5.66. The investigated sample was based on 60% 
PCL(NPG). 
Each figure shows two sets of images (of two di fferent sections), and each surface was 
freshly prepared by freeze-fracturi ng a piece of the materi al. Each set consists of three 
di ffe rent images obtained by three di fferent means and , hence, allowing access to three 
different types of informat ion about surface features. These are topography images (blue), 
226 
pull-off fo rce images (ye llow-brown) and stiffness images (Pink) . 
Figure 5.65 shows two different surface regIOns at a relati vely low reso lution, 
recognisab le from the size of the images (1 0flm x IOflm) . The image in the centre of the 
top row shows a contrast image obtained by detecting the pull-off forces. Clear contrasts 
with di stinct differences in pull-off forces (£iF = 5.3V) can be seen. The domain sizes 
range between ca I flm and 3flm and it seems that areas, or rather domains, which are less 
sti cky (darker areas) are surrounded by a more sticky (lighter) phase. The corresponding 
sti fmess image refl ects these observations. It can be seen, that the less sticky (darker) 
areas in the pull-o ff force image correspond to stiffer (lighter) area in the stiffness image. 
This kind of observation is typical for PFM images, indicating the higher di spersive 
forces attributable to a softer surface 137 It can, therefore, be assumed that these large 
structures do seem to be richer in hard segment content. When looking closer, it can also 
be seen that the stiffer (lighter) domains in the stifmess image do have a smaller pattem 
as well. One of these domains was focused on, and images were taken. This will be 
di scussed below. The topographical image do not correspond to the pull-off force image. 
This shows that the observed contrasts are genuine and not a consequence of 
topographica l di fferences. For example, it can be seen that both the less sticky (darker) 
spots in the central lower half of the pull-off force image are not topographicall y 
identica l, i. e. the left one li es lower (darker) than the right one (lighter). 
These findi ngs, in particular the size o f the domains, is somewhat unexpected. Nonnally, 
onl y spherulites or crystallites exhibit thi s size range. However, neither DSC nor W AXD 
experiment showed strongly pronounced crystallinity in either soft or hard segment 
regions. Researchers nonnally talk about bicontinuous l99, lamellar29 or di spersed 
paracrystall ine structures3 when PURs are concerned. However, in a number o f more 
recent papers200-205,207, it has been shown that in the case of very reactive systems, the 
compatib ility of the init ia l reactants plays a crucial role in the final morphology. In these 
cases, the morphology of the PURs obtained has been shown to be far more complex than 
it is no rmally reported. Foks et al. 2OO reported hard segment spheruli tes with a size of 
microns, depending on the polymeri sation temperature. Similar to thi s study, no 
spherulites were fo und when a low polymeri sation temperature (60°C) was employed, but 
birefringent elements with a smaller size (O.6flm) were detected using light microscopy. 
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Figure 5.66: PFM images of the PUR sample based on 60% PCL(NPG) at a higher resolution 
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Their PURs were similar to the ones used in this study. Karbach et al. 201 found soft 
segment particles with a size of several microns finely dispersed in a hard segment 
matrix, albeit for a somewhat different PUR system (much higher hard segment content, 
thereby indicating a continuous hard segment phase). They used AFM and TEM. Chen at 
al.202 observed macrophase separation in PUR cast systems based on TDIIBDO/hydroxy-
terminated polybutadiene and MDIIBDOIPPO-EO systems. In PURs based on the first 
systems, reactant incompatibility led to macrophase separation during the initial stages of 
the polymerisation. As a result, globules based on the initial macrophase separation of 
extender droplets developed, which are substantially richer in hard segment content. In 
the case of the second system, the reactants were initially more compatible, yet, at later 
stages of the polymerisation, globules developed as well, presumably based on the 
occurrence of microphase separation of reactants and products. In this case, these 
microphase separation might have led to micronsize inhomogeneities at a later stage of 
the polymerisation. 
With respect to the PURs investigated in this study, no investigations of the 
polymerisation process with respect to macrophase separation has been undertaken. 
However, visual observation indicated that some of the reactants were initially 
incompatible. On stirring in the chain extender into the prepolyrner (made up of 
isocyanate end-capped soft segment and free MD!), the mixture was initially opaque (fine 
dispersion of BDO droplets) and cleared after about one minute. At this point, BDO 
molecules had presumably started to react with free MDI molecules or isocyanate end-
capped soft segments. As a consequence, free BDO molecules probably became 
compatible with the prepolymer. After several more minutes, however, the mixture 
became opaque again, probably due to the initiation of microphase separation. The initial 
microphases could be made up of a higher proportion of hard segments from the reaction 
of free BDO and free MD! which may have precipitated when a sufficient molecular 
weight was achieved. Consequently, the molecular weight of such hard segments might 
have grown much slower, as only very mobile MDI and BDO molecules might have 
migrated into these aggregates and the less mobile and less polar soft segment chains 
might have only very slowly penetrated into these aggregates. As a consequence, these 
hard segment-rich globules could have developed with a number of soft segment chains 
never penetrating them. 
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A number of other researchers have observed micro- and macroheterogeneity as welfo3. 
In a very recent paper, Tocha et al.204 investigated PURs based on a PPOIMDIIBDO 
system by means of TEM and AFM. Depending on hard segment content, they found 
short, rod-like hard segment nano-domains and sometimes cylinders and bundles of 
lamellae. In addition, they also found much larger aggregates: hard segment spherulites 
(up to 15J.lm in size) and globules without an internal structure (possibly consisting of 
pure hard segments as a result of macrophase separation). 
The lower set of images in Figure 5.65 shows far less contrast, indicating the influence of 
the heterogeneity of the sample as such, i.e. the section of the cast sheet which was 
investigated. Overall, this section of the material is much stickier (the pull-off force 
image is much lighter in colour), yet it is also much stiffer as indicated by the much 
higher voJtages involved in the creation of this image. The stiffuess image reveals slight 
contrasts, and, more remarkably, the lighter (stiffer) regions seem to possess a similar 
substructure to the image above. Again, this substructure was investigated and will be 
discussed below. The topography is similar to the above sample. 
As already mentioned, Figure 5.66 shows images obtained by zooming in on of the 
previously discussed stiffer regions in order to highlight the finer substructure already 
observed. The top row shows three images (topography, pull-off forces and stiffuess), 
with a size of 1000nm x 1000nm, a much higher resolution. The central image shows the 
pull-off force image. It can be seen, that a good contrast has been achieved (M = 4.8V). 
Furthermore it can be seen, that there are darker (less sticky) domains with a diameter of 
ca. 50 - 100nm. These domains can also be seen in the stiffuess image on the right, where 
they appear as darker spots (less stiff). Conversely, the lighter (stickier) regions in the 
pull-off force image appear as lighter (stiffer) regions in the stiffuess image. This is 
somewhat surprising, given the fact that when a lower resolution was employed, the 
harder regions seemed to be less sticky. On the other hand, it can be explained by a 
surface free energy effect concerning the hard segment. The hard segment is far more 
polar than the soft segment. Therefore, the polar component of the total surface free 
energy, (YHSP), would be expected to be much higher. Therefore, this causes an increase in 
the overall surface free energy of the hard segment or hard segment microdomains, 
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respectivelY05. Additionally, it can be seen in the stiffness image, that the stiffer (lighter) 
regions seem to form a network, surrounding the softer (darker) regions. This could, 
however, be an effect resulting from the fracture behaviour of the sample. As can be seen 
in the topographical image on the left, the softer and less sticky regions seem to be 
"pulled out" from the fracture surface, recognisable as lighter (elevated) spots in the 
topographical image. This is a reasonable finding, as soft segment-rich areas would be 
expected to fail in a more ductile manner, whereas hard segment rich areas should fail in 
a more brittle fashion. 
Further down in Figure 5.66 (bottom row), three images of an even higher resolution are 
shown (ca. 500nm x 500nm). Again, the less sticky (darker) areas in the pull-off force 
image appear to be softer (darker) in the stiffness image. Equally, they have a diameter of 
ca. 50 - 100nm. Again, the softer and less sticky areas seem to protrude from the image, 
recognisable as more elevated (lighter) areas in the topographical image. 
Overall, the PFM results do not show the very small domains detected by means of 
SAXS. This is due to the somewhat lower resolution. However, they confirm the 
existence of a bigger superstructure, superimposing the one detected by means of SAXS, 
and, to a certain extent, they also confirm the somewhat doubtful results of the SAXS 
investigations, which also predicted a second superstructure with domain sizes of ca 
100nm. The third globule-type superstructure (top row Figure 5.65) with sizes between 
Illm and 31lm rather resemble those of crystallites or spherulites, yet no significant 
amount of crystallinity could be detected by means ofDSe or W AXS. 
To obtain further information about the morphology of the investigated PURs, one 
material was investigated by means of TEM. The results obtained by means of TEM will 
be discussed below. 
5.12. Transmission Electron Microscopy (TEM) 
The findings of the PFM experiments were somewhat unexpected, in particular with 
respect to very large globules (several micrometres) which were detected. Domains of 
that size normally only occur in spherulitic or crystalline structures206 , only very little of 
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which were detected in those materials. Therefore, the same material (based on 60% 
PCL(NPG) was investigated by means ofTEM. 
Figure 5.67: rEM image of the PUR based on 60% PCL(NPG) at a 
magnification of 5K 
Figure 5.67 shows a TEM image obtained at a magnification of 5K. A coarse 
microstructure can be clearly recognised. The observed domains have a size of 1 - 4 Jlm, 
recognisable as lighter spots surrounded by darker walls. Globules of that size which 
appear featureless have been detected before by means of TEM207• On the other hand, 
though, the PFM results are confinned. The above images also conveys the impression 
that the darker phase boundaries are interconnected and form a kind of network. 
Figure 5.68 shows another TEM image at a higher resolution (1 OK). Again, bright phases 
with a diameter of2 - 4 Jlm can be seen. It can also be seen that dark specks are dispersed 
in the lighter domains close to the phase boundaries. These dark specks were investigated 
further, and the results can be seen in Figure 5.69, the image obtained at a magnification 
of20K. 
It can be clearly seen that the phase boundaries are not very sharp and that there is a 
significant degree of mixing with smaller and fewer dark spots when moving further into 
the lighter domain. The dark spots close to the phase boundaries have a size of ca. 50 -
100nm. Again, this tallies with the findings ofPFM. It can also be seen that further away 
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from the phase boundaries there are a number of very finely dispersed dark spots, the size 
of which is not very easy to determine accurately. PFM results indicate that these micron-
sized globules do have a finer substructure and seem to be richer in hard segment content. 
As has been discussed before, they could result from an initial segregation of pure hard 
segments, resulting from a reaction of pure MDI and BDO. Larger molecules such as soft 
segment chains only slowly penetrate these regions, indicated by the appearance of darker 
spots near the phase boundaries. 
Figure 5.68: rEM image of the PUR based on 60% PCL(NPG) at a 
magnification of 1 OK 
Figure 5.69: rEM image of the PUR based on 60% PCL(NPG) at a 
magnification of 20K 
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As for the question of the origin of the contrast, all samples were stained with osmium 
tetroxide (OS04). This staining substance normally reacts with carbon-carbon double 
bonds. However, the investigated PURs do not contain any double bonds. Therefore, the 
staining mechanisms remains somewhat unclear even though other researchers have 
found that OS04 may stain a continuous hard segment matrix201 • However, PFM results 
indicate that the lighter phase in the TEM images are richer in hard segment. 
In total, this would mean that there seems to be a structure consisting of a interconnected 
darker network with separated, lighter, isolated domains in between, with the latter 
presumably being a hard segment rich phase. This lighter phase also seems to contain a 
fine dispersion ofthe darker phase, with the latter microdomains having a size of between 
10 and 100mn. 
Overall, the TEM findings do tally very well with both SAXS and PFM results. Both 
techniques confirm the presence of micron-sized features (globules). 
The investigation of a second, softer (higher 50ft segment content) PUR failed due to the 
difficulties in obtaining good microtome slices. 
With respect to the overall morphology of the investigated materials, it seems that three 
different morphological structures are present: globuli which are richer in hard segment 
with a size of several ).Im, smaller domains with a size of 50 - 100mn (as indicated by 
PFM and SAXS) and nano-scale domains (as indicated by SAXS). 
5.13. Conclusions 
a) The initiator moiety can have a strong influence on the properties of a PUR based on a 
PCL 50ft segment. The effects of the initiator moieties are more notable when higher 
soft segment contents are employed. The most notable effects are differences with 
respect to soft segment crystallisation. It has been shown that materials based on 
aliphatic initiator moieties with a sufficient length make the soft segment more likely 
to crystallise, whereas the introduction of bulky aliphatic side groups, ether groups or 
cycloaliphatic groups seems to suppress crystallisation of the soft segment phase. 
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Many properties are affected: most notably transparency/translucency, hardness, 
Young's modulus and tear strength, but also Tg (both "thermal" Tg (DSC) and 
"thermomechanical" Tg (DMTA», T1 and T2. 
b) T1 and T2 were further investigated by means of a quenching study. This revealed that 
both transitions involve intersegmental mixing, which is, as far as Tl is concerned, not 
in agreement with all other researchers. DMTA experiments show that, from a 
mechanical point of view, T1 is not unlike a T g (increase of G"), which is not in 
disagreement with those researchers who consider Tl as the result of a enthalpy 
relaxation close to the Tg of the hard segment. From a thermoanalytical point of view, 
however, T1 can easily be mistaken for a genuine melting process involving a certain 
degree of intersegmental mixing. Furthermore, T1 depends on storage time, hard 
segment content of the PUR and also on the soft segment initiator. W AXD 
experiments indicate that true crystallinity of the hard segment is lower for those 
materials which exhibit T1 more strongly than others. 
c) Strain-induced crystallisation has been shown to occur at high strains by means of 
W AXD experiments conducted under strain. It is inferred that strain-induced 
crystallisation plays an important role in the failure mechanisms of the investigated 
materials. It is also inferred that the soft segment initiator can play a crucial role here. 
This is empirically reflected in large differences in tear strength values for the 
materials based on 80% soft segment content. 
d) A single ether group per soft segment unit decreases hardness, storage modulus G" and 
Young's modulus, but does not have any detrimental effects on strain-induced 
crystallisation and mechanical properties. 
e) Experiments with respect to the morphology of the investigated PURs (SAXS, PFM, 
TEM) reveal very interesting results, namely the existence of very small nano-domains 
(10 - 15 nm), but also a larger domain or co-continuous structure (50 - 100 nm), and 
even a micron-sized globular structure (1 - 3 J.1m). These results are far more 
complicated than expected, but are generally in good agreement with other researchers' 
findings. 
f) In general, mechanical properties such as tear strength, hardness and Young's modulus 
decrease with increasing soft segment content (if no significant soft segment 
crystallinity is present), whereas tensile strength and elongation at break are practically 
independent of the soft segment content. The materials become less opaque when the 
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soft segment content is increased, except when, again, a high degree of soft segment 
crystallinity is present. 
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Chapter 6: Results and Discussion Ill: A comparison 
between PCL-PURs and Polyadipate-PURs 
6.1. General remarks 
In this chapter, emphasis will be placed upon the general differences in structure-property 
relationships between PUR elastomers based on PCL soft segments and polyadipate soft 
segments. As both classes of soft segments are, essentially, polyesters, there is both 
scientific and technological interest in the fundamental differences between PUR 
elastomer materials based on them. As already outlined in Chapter 2, the reaction 
mechanisms are completely different. Additionally, different catalysts and reaction 
conditions are employed. As a consequence, both structural features and molecular 
weight distributions are very different, as outlined in Chapter 3. 
6.2. Differential Scanning Calorimetry (DSC) 
The most fundamental difference between the two different sets of materials is the 
different likelihood of the respective soft segments to undergo crystallisation. This 
phenomenon is well known in both science and industry 7. 
Figures 6.1. and 6.2. show the thermograms for a series of different PUR elastomers 
based on different soft segments, i.e. polyester and PCL soft segments, but on the same 
soft segment content (70% soft segment). 
In Figure 6.1, all the PURs based on polyadipate soft segments exhibit a strong degree of 
soft segment crystallisation. This in good agreement with a lot of other researchers' 
findings7.157.211,212 and is also well known in industryl49. The underlying trends with 
respect to the length of the diol part of the polyadipate have already been discussed 
extensively in Chapter 4. 
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Figure 6.1: Thermograms for the series of PURs based on different 
polyadipate soft segments 
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Figure 6.2: Thermograms for the series of PURs based on different peL soft 
segments 
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In Figure 6.2, there is invariably no (or merely very little) evidence for soft segment 
crystallisation. The superiority of the PCLs over polyadipates with respect to soft 
segment crystallisation, which is an undesired effect in industry, has been shown very 
often7.157.211.212. It has also been shown that PCL soft segments can actually crystallise, 
yet the tendency towards crystallisation is usually exhibited less strongly and is far more 
sensitive to structural features, such as molecular weight (block length)7.81-85.208.209, or 
hard segment structure54, or the stochiometric composition ofthe PUR54. 
As for the reasons for the less expressed crystallisation in PCL-based PURs, some 
research has been done. Early research on polyesters indicates that polyesters with odd 
numbers of methylene units in the chain usually are less likely to develop crystallinity73, 
i.e. the melting point of that structure decreases in comparison to those based on 
polyesters with even numbers of methylene units in the polyester chain. This has to do 
with the fact that the oxygen atoms of two neighbouring carbonyl groups tend to point in 
the opposite direction. This increases the size of the repeat unit and makes it, therefore, 
more difficult for the chain to develop crystaIIinit/3• This has also been confirmed when 
these polyesters are being used in PURs. Chen et al.21O have employed polyester polyols 
based on HDOlAA (even number of carbon atoms) and pimelic acid and 1,5-pentanediol. 
PURs based on the latter exhibited a lower amount of soft segment crystallinity. Sanchez-
Adsuar et al.211 find similar differences to those observed in this study, i.e. polyadipate-
based PURs exhibit a lower rate of crystallisation than the PCL-based PURs. They also 
found that this influences surface free energy values, i.e. materials with a high degree of 
crystallinity possess a lower surface free energy2l2. 
An additional feature of the examined PCLs is the presence of the initiator moiety in the 
centre of the chain. Different researchers have proposed a minimum molecular weight 
(Bogdanov et al.208) or a minimum block length (Berill et al.209) with both research 
groups agreeing that this minimum lies at about a molecular weight of Mn = 2000208, or 
about 15 to 20 PCL units209. This is exactly the molecular weight which was used in this 
thesis. It can, therefore, be inferred that the structure of the initiator moiety can have a 
very strong influence on the inclination of that particular PCL to crystallise, i.e. the 
structure of the initiator moiety might just tip the balance either way. 
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Strictly speaking, the PCL chain is not as symmetrical as a conventional polyester chain, 
either. The PCL chain is centred around the initiator moiety, and the two side chains 
basically mirror each other. This might also influence the likelihood or unlikelihood of 
crystallisation. 
TI and T2 were also examined. Not all of the examined PURs based on polyadipates 
developed Tl , namely the ones based on EG/AA (and one of those based on BDO/AA 
and lIDOI AA). However, all materials based on 80% polyadipate soft segment exhibit a 
relaxation in the DMT A curves in the same temperature range. It has already been 
discussed in Chapters 4 and 5 that this transition is very difficult to interpret. It is likely 
that an enthalpy relaxation is taking place, i.e. glassy hard segment blocks having aligned 
and assumed some degree of order which leads, in turn, to the detection of a negative heat 
of fusion in the DSC thermogram and a glass transition-like relaxation in the DMTA 
curves. Most PURs based on PCL soft segnlents exhibit TI as well. The differences 
between the two groups of materials are negligible. 
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Figure 6.3: Thermograms showing the T2 transitions for the series of PURs 
based on different poiyadipate and poiycapro/actone soft segments 
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Figure 6.3 shows a compari son of T2 fo r a number of PURs based on polyadipate and 
PCL soft segments at 60% soft segment content. T2 consists of several small peaks and 
stretches from ca. 125°C to 210°C. Researchers argue that di fferent processes are 
involved, sll ch as the disi ntegration of intersegmental order within the hard segments ll9, 
the dissociation of hydrogen bondingl50, an increase of intersegmental mixi ngl85 or even 
order-disorder transitionl51. Melting of truly crystalline structures is supposed to occur 
only above 200°C89.90 The morphology of PURs is also clearly dependent on both 
thernlodynamic alld kinetic fac torsJ9.2oo.204. It is, therefore, very di ffi cult to interpret the 
shape and enthalpy of the above peaks conclusively. However, it can clearl y be seen that 
the largest peak on the left of T2 (maximum at ca. 140°C) is c learly broader and more 
smeared out when the polyadipates are employed. It has already been outlined in the 
discussion of the quenching stud y in Chapter 5, that there is a significant amount of 
intersegmental mixing occurring between 125°C and 170°C. Therefore, some caution has 
to be appl ied when interp reting the shape of the peak. A broader peak could, in fact, 
ind icate tha t the hard segment blocks are stacked more regularly. The occurrence of 
in tersegmental mixing, however, con founds a simple interpretation of thi s peak. 
A hint as far as the kinet ics of the different systems are concerned can be drawn from the 
viscosities a t 60°C of d ifferent polyo ls (shear rates between l OO and 500 S·I) . These can 
be seen in the Table 6.1. PCL polyo ls exhibit a significantly lower viscosity. This 
indicates that the phase separation kinetics of PURs based on those polyols are 
signi ficantly different and could favour a better stacking of the hard segment blocks, 
which could, in turn, explain the diffe rent peak shape of the T2 transitions as di scussed 
above. The influence of phase separation kinetics has been mentioned beforel9 to have 
possibly a significant influence on the morphology of a PUR. 
Table 6. j,' Viscosity comparisoll between different polyols213 
Sample Viscosi ty at 60°C I mPa.s 
EGlAA 11 00 
BDOlAA 1300 - 1400 
HDOl AA 1000 
PCL(NPG) 480 
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6.3. Dynamic mechanical thermal analysis (DMTA) 
The thennomechanical profiles obtained by means of DMTA largely mIrror the 
differences detected by means of DSC between materials based on both PCL and 
polyadipate soft segments. Again, the most significant difference is the more strongly 
pronounced presence of soft segment crystallinity in the polyadipate-based PURs. 
Additionally, the glass transition temperatures have found out to be different. Stiffness at 
low temperatures is, therefore, increased when polyadipates are employed as soft 
segments in PURs compared to PURs which contain PCL soft segments. In Figure 6.4, 
the influence of different soft segments and different amounts of soft segment 
crystallinity on the storage modulus of a series of PURs based on 60% soft segment 
content can be seen. 
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Figure 6.3: Storage modulus, G', versus temperature Jor a series oJ PURs 
based on different polyadipate and peL soft segments (60% soft segment 
content) 
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It can be seen quite clearly that the two different classes of material have a significant 
influence on the thennomechanical T g and, hence, on the stiffness of the respective PURs 
above Tg. All the materi als based on polyadipate soft segments exhibit broad glass 
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transi tions, which in turn lead to a considerably higher stiffness above T g, when 
compared to those PURs based on PCL soft segments. The latter materials exhibit a sharp 
drop of G' at Tg. The differences between the two groups are most likely to be a 
consequence of the increased ability of the polyadipate-based PURs to crystall ise. 
Crystalline regions in the soft segment phase provide an obstacle in the immediate 
vicinity of which glassy so ft segment chains will not undergo glass transition. It can be 
seen in the above figure as we ll , that only when the entire soft segment crystallinity is 
removed (above 50°C), the stiffness (sto rage modulus G') of all materials is comparable. 
Even the PCL-based material, wh ich has exhibited a small amount of soft segment 
crystallinity (60% PCL(BDO), as has been discussed in Chapter 5) does undergo glass 
transition very easily, (glassy chains can be 'tom loose' from within the vicinity of a 
crysta lli te), and does not show any remarkable di fferences to the other PCL-based PURs 
(60% PCL(NPG), PCL(CHDM)). The behaviour depicted and described in Figure 6.3 is 
essenti all y similar for all soft segment contents and illustrates the phenomenon of cold-
hardening7 Simi larly, the tan Ii plots look different, i.e. the materials based on 
polyadipate exhibit lower tan Ii peak values at Tg and the mean peak width is Illuch 
higher. Table 6.2 shows the results. 
Table 6.2: Comparisoll o/tan t5 peaks for a series 0/ PURs based 011 different 
polyadipale alld PCL soft segmellts 
Material Tan lirn .. Peak width at tan lirn .. I °C 
60% EG/AA 0.24 31.6 
60% BDO/AA 0.12 6 1. 1 
60%HDO/AA 0.07 N/A * 
60% PCL(BDO) 0.28 26.1 
60% PCL(NPG) 0.33 22.7 
60% PCL(CHDM) 0.30 23.6 
*This glass transition is very broad and superimposed by melting of crystalline regions in the soft segment 
phase. Therefore , a maximum is very difficult to detennine. 
The thel1l10mechanical behaviour is also related to the thermal behaviour which was 
discussed in the DSC results section. It has been mentioned above that there are 
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differences between the materials based on polyadipate and PCL soft segments with 
respect to the stacking of the hard segment blocks. Figure 6.4 shows the storage modulus, 
G', versus temperature for a series of PURs based on both groups of soft segments. The 
PURs based on PCL soft segments seem to undergo mechanical fai lure slightly later (ca. 
10 - 15°C) with G' remaining at the plateau value longer. This can be directly related to 
the narrower peak widths of T2, as has been discussed in the DSC res ults section of this 
chapter. It might, therefore, be inferred that parts ofT2 are directly related to the stacking 
and internal order of hard segment blocks in the hard segment microdomains. This 
phenomenon is simi lar for all materials, yet not as strongly exhibited for the materials 
based on lower hard segment contents. 
100 
Figure 6.4: Storage modulus, G', versus temperature for the series of PURs 
based on different polyadipate and peL soft segments (60% soft segment 
content) 
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6.4. Wide Angle X-Ray Diffraction (WAXD) 
As discussed in Chapters 4 and 5, both groups of soft segment exhibit a number of peaks, 
most of them related to crystalline regions in the soft segment phase. As discussed 
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extensively in Chapters 4 and 5, most of those peaks could be directly related to those 
occurring in the W AXD spectra of the pure soft segments. Additionally, the amounts of 
clystallinity is significantly different, depending on the nature and quantity of the soft 
segment which was used. This has also been di scussed extensively in Chapter 4, Chapter 
5 and the previous sections of this chapter. All results correlated very well with DSC and 
DMT A results and could be related to findings of other researchers, too. 
Both groups of materials develop a small number of additional peaks which can be 
directly related to hard segment crystallinity. As they have not been thoroughly discussed 
in Chapters 4 and 5, they wi ll be discussed in thi s section. Other researchers have 
detected hard segment crystallinity in similar PUR materials26.54.154.155.156 , or have 
reported values for pure hard segment copolymer214, or have suggested models for the 
MDl-BDO bard segment crysta l structure27• Some of their results are li sted in Table 6.3. 
Peak 
position 
10.2 
IS.O 
18.9 
19.6 
21.3 
23A 
25.2 
Table 6.3: Diffraction angles and Bragg spacings lor crystalline hard 
segments lound by oth er researchers 
Corresponding Bragg spacings Bragg spac ings Bragg spacings / 
Bragg spacings / / nm (Bonar! et (average values)/ nm nm (Schneider 
nm (Van Bogart at.26) (Fridmann et at. 155) et at. 154) 
et at. 54) 
0.S67 0.86 O.SO 
OA93 
OA70 OA7 
OA53 OA5 0.46 
OA I 7 OA2 OA1 0.41 
0.380 0.38 0.38 0.38 
0.353 0.35 
Invari ably, the peaks at 18.60 or 19 .20 were exhibited most strongly. Looking at that 
region in the PURs discussed in this thesis, sometimes small shoulders can be seen: 
invariably in materials based on 60% soft segment; these shoulders are exhibited even 
more weakly in materials based on 70% soft segment. This indicates an almost complete 
absence of true hard segment crystallinity. This also indicates that the often strongly 
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pronounced T2 transitions in the DSC curves are probably not related to true crystallinity 
of the hard segments, as has already been indicated by other researchers89,9o The 
presence of those peaks is in good agreement with what one would expect, i,e, a decrease 
of the size of the shoulder wi th decreasing hard segment content. A representative 
example can be seen in Figure 6,5 , which shows the W AXD curves for all materials 
based on the PCL(DEG) soft segment. 
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Figure 6,5: WAXD curves for the series of PURs based on the PCL(DEG) 
soft segment 
-- (a) 60% PCL(OEG) 
-- (b) 70% PCL(OEG) 
-- (c) 80% PCL(OEG) 
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It can be seen quite clearly that the broad scattering curve has a shoulder on its left hand 
side when lower soft segment contents (i, e, 60%, 70%) are employed, This shoulder 
calmot be seen in the 80% soft segment PUR, Overall, thi s pattern is exhibited by all 
materia ls, independent of the soft segment which was used , Other researchers fOllI1d 
higher amounts of crysta llinity in simi lar materials 54,2 15,216,217,218 As already mentioned, 
the morphology of otherwise simi lar PURs can vary substantia lly when different 
processing routes are employed200 Spherulitic structures of hard segment blocks often 
occur when the PUR is crystalli sed slowly from a so lution I55,82 , Other researchers app ly 
high processing temperatures 41 ,219( 140 - 145° C) and/or long annea ling times220 to 
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achieve significant crystallinity of the hard segment blocks. Van Bogart et al 54 prepared 
materials based on PCL soft segments, MDl and BDO which are viffilally identical to 
those examined in thi s study (except for the excess of isocyanate), yet the ir 
polymeri sation method is tota lly different (one shot process) and their samples were 
eventuall y prepared by compression moulding at an elevated temperature. Somewhat 
unexpectedly, they found completely different properties to those discussed in thi s study. 
For example, their materi als strongly exhibited crystallisation of the hard segment blocks. 
This indicates again the necess ity of having a close look at the preparation method when 
comparing PURs prepared via different routes even if their chemical backbone is 
identical or c lose to identical. It is also not surpri sing that a higher processing 
temperature promotes crystallinity in the hard segment as the hard segment blocks have 
to be heated above Tg to be mobile enough to crystallise at all. As a rule of thumb, 
crystalli sation occurs at its maximum rate halfway between T g and T m206 In the case of 
our hard segment blocks this would be at approximately 150°C - 170°C. However, with 
increasing temperature the compatibility between hard and soft segment blocks wou ld be 
expected to increase. This in turn, would make it more difficult for hard segment blocks 
to fi nd each other and to crystalli se. In a more recent paper, Ma et al.221 found exactly 
that. They detected a low temperature limit for spherulite growth at 120°C, independent 
from the soft segment, and, therefore, probably related to the glass transition of the hard 
segment at ca. 110°C. The low temperature limit of 120°C was a lso found by Li et 
a 1.222,22J , Ma et al. 221 also found that the high temperature limit for spherulite growth 
depends on the compatibility between soft and hard segments (the better the compatibility 
the lower the high temperature limit). As a consequence, it is not surpri sing at all that 
almost no hard segment crystall inity has been detected in the PURs investigated in thi s 
study, given that all PURs were cured at 70°C. Some researchers find that a fine 
distribution of small hard segment spherulites is more beneficial to thermomechanical 
properties than a smaller number of larger hard segment spherulites2oo,224. 
6.5. Kinetic investigations with respect to soft segment 
crystallisation 
As has already been discussed ex tensive ly in Chapters 4 and 5, some of the investigated 
PURs deve lop crystallinity in the soft segment regions which is, in part, reversible. 
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Several materials were subjected to a heat treatment above the melting point of the soft 
segments (0.5 hours at 70°C) and the Shore A hardness was recorded as a function of 
time. Some of the materials recrystallised very quickly, whereas others recrystalli sed only 
very slowly or not at all. Figure 6.6 shows a comparison of a selection of polyadipate-
and PCL-based PURs having undergone this heat treatment. All the polyadipate-based 
PURs redeveloped soft segment crystallinity very quickly after the heat treatment. All 
three materials start off with a very high Shore A hardness (>95), and all of them 
recrystalli se. As for the material based on EG/ AA, recrysta ll isation occurred very slowly 
and had not finished after 500 hours: the Shore A hardness was still increasing further. 
For clarity reasons, these results have been omitted from the graph. As has already been 
mentioned and discussed extensively in Chapter 4, the length of the aliphatic chain in the 
diol part oflhe polyad ipate has a significant influence on the rate of re crystallisation. 
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Figure 6.6: Soft segment crystallisation after heat treatment for the series of 
PURs based on different polyadipate al/d peL soft segments 
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The PCL-based PURs behave completely differently, Despi te some of them having 
developed some crystallinity in the soft segment regions (PCL(NPG), 85 Shore A and 
PCL(BDO), 95 Shore A), indicated by the increased Shore A hardness, none of them 
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recrystalli sed after the heat treatment was stopped. Even after 500 hours no crystalli sation 
had occurred. This is quite di fficult to interpret, yet indicates the much more strongly 
exhibi ted tendency of polyadipate-based PURs towards developing crystallinity in the 
soft segment regions. 
The number o f methylene units exerts a strong influence on the crysta lli sation properties 
of the respective soft segments. Polyadipates have even numbers per repeat unit, whereas 
a PCL chain consists of odd numbers of methylene units per repeat unit. Tt has al so been 
mentioned above that the overall structure of a PCL soft segment is probably not as 
symmetrica l as that of a polyadipate soft segment, with the initiator moiety remaining in 
the centre of the PCL chain, and the two side blocks basically mirroring each other. 
Ln the case of TPU adhesives, thi s pattern (i.e. polyadipate-based PURs crystalli sing 
fas ter than PCL-based PURs) has also been found by other researchers21 1 and is also 
known in indus~25 
6.6. Density 
As discussed in Chapters 4 and 5, the hard segment content and soft segment backbone 
(in particular the number of ester groups per soft segment unit) has been shown to have a 
significant influence on the density of PURs. The degree of crystallinity in the soft 
segment, on the other hand , did not exert a strong effect on the density. This was ev ident 
from the results di scussed in Chapter 5, where material s based on 80% soft segment 
di ffered significantly in tenllS of soft segment crystallinity, yet there was no noti ceable 
difference in ternlS of density. 
With the PCL chain containing fi ve methylene units per monomer unit, it is now to be 
seen whether thi s fi ts in with the polyadi pates which contain two and four (EGI AA), fo ur 
and four (BDO/AA) and six and four (HDO/AA), respectively. It should therefore be 
expected that the densities of PURs based on PCL and those based on HDO/AA should 
be fa irly similar with an average of fi ve methylene units per ester group over the entire 
length of the soft segment. The results can be seen in Table 6.4. The densities of those 
materi als based on EG/AA and BDO/AA are significantly higher than those based on the 
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other soft segments. It has already been pointed out (see section 4.6.2) that this is due to 
the higher number of ester groups in the polymer chain. As for the materi als based on 
HDO/ AA and the PCL soft segments, their densities are similar within experimental 
error. The material based on 80% HDO/AA has the highest density among all the latter 
materials based on 80% so ft segment, probably due to the degree of crystall inity being 
very hi gh in this particular material. 
Table 6.4: Densities of PURs based on different polyadipate and PCL soft 
segments 
Material Density / g.cm-3 
(+/- 0.0 1) 
60% EG/AA 1.27 
70%EG/AA 1.26 
80% EG/AA 1.26 
60% BDO/AA 1.22 
70% BDO/AA 1.22 
80% BDO/AA 1.21 
60% HDO/AA 1.19 
70% HDO/AA 1.1 8 
80% HDO/AA 1.1 7 
60% PCL(BDO) 1.1 8 
70% PCL(BDO) 1.16 
80% PCL(BDO) 1.15 
60% PCL(NPG) 1.19 
70% PCL(NPG) 1.1 7 
80% PCL(NPG) 1.15 
60% PCL(CHDM) 1. 17 
70% PCL(CHDM) 1.15 
80% PCL(CHDM) 1.12 
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6.7. Small Angle X-Ray Scattering (SAXS) 
Table 6.5: Interdomain spacings for the PURs based on different polyadipate 
and PCL soft segments 
Material Long period distances I run 
60%EGlAA 11.0 
70%EGlAA 11.8 
80%EGlAA 17.6 
60%BDO/AA lOA 
70%BDO/AA 10.5 
80%BDO/AA 15.2 
60%HDO/AA 9.9 
70%HDO/AA 11.0 
80%HDO/AA 16.0 
60% PCL(BDO) 9.9 
70% PCL(BDO) 10.7 
80% PCL(BDO) 14.5 
60% PCL(NPG) 10.1 
70% PCL(NPG) 10.5-11 
80% PCL(NPG) ca. 12 
60% PCL(CHDM) 10.1 
70% PCL(CHDM) 10.3 
80% PCL(CHDM) 10·11 
As discussed in Chapters 4 and 5, all the examined PURs exhibit a phase-segregated 
structure and maxima could be detected in the scattering function. It has also been 
discussed above that there seems to be a different degree of order in the hard segment 
domains, as indicated by the broader T2 peaks in the DSC thermograms. Additionally, it 
has been discussed in Chapter 5, that the PURs based on PCL soft segments seemed to 
have developed a fine structure detectable by means of SAXS, but there also seems to be 
a second, and even a third superstructure imposed on each other as detected by SAXS, 
PFM and TEM. It is, therefore, interesting to know whether the scattering functions look 
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similar in all the materials and whether the long period spacings are similar, too. 
Table 6.5 shows the results for the long period distances (interdomain spacings). There 
are notable differences when 80% soft segment compositions are employed. However, in 
these cases there is a significant degree of intersegmental mixing and the maxima in the 
scattering function are very broad. There are also differences when smaller contents of 
soft segment are employed, i.e. there seems to be a tendency with the material based on 
60% soft segment: 60% EG/AA exhibits the highest interdomain distances, and these 
decrease with decreasing polarity of the soft segment. HDO/AA and the PCL-based 
materials have identical interdomain distances when 60% soft segment are employed. It 
seems that the differences noted and discussed in the DSC results (section 6.2) with 
respect to T2 do not seem to coincide with a great difference in interdomain spacings. 
Overall, these differences seem reasonable, as it would be expected that with increasing 
polarity of the soft segment there should be more intersegmental mixing, a, therefore, 
lower degree of phase separation, and, therefore, greater distances between the individual 
domains. The internal degree of order within the domains, however, carmot be said to 
have a significant influence on the interdomain distances. 
There is, however, another feature recognisable from the scattering functions. As 
discussed in Chapter 5, the materials based on the PCL soft segments exhibit a second 
maximum in the scattering function. As this maximum coincides with a very small 
scattering angle, there is some doubt about the validity of these results. However, the 
results agree with the TEM and PFM results. Additionally, the materials based on the 
polyadipate soft segments do not show a maximum at small values of q. 
Figure 6.7 shows a comparison of a series of materials based on 60% soft segment. Every 
curve exhibits a more or less strongly pronounced maximum between 0.5 and 0.75 nm-I. 
These maxima correspond to the values listed in Table 6.5 and have been extensively 
discussed in Chapters 4 and 5. As can also be seen above, all the materials based on PCL 
soft segments exhibit a second maximum at very small values of q, corresponding to 
domain sizes of about 100 nm. Structural features of this size have been confirmed by 
means of PFM for one of these materials (60% PCL(NPG)). It is interesting to see that 
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the PURs based on polyadipate soft segments apparently do not exhibit these structural 
features, or they must be bigger in size and can, therefore, not be detected by SAXS. 
These findings give rise to the assumption that the overall morphology of polyadipate-
based PURs is somewhat different. It has already been shown that the order within the 
hard segment microdomains must be reduced somewhat in those materials based on 
polyadipate soft segments. Very complicated multi-scale phase-separated structures have 
been found before in some PUR elastomers, mainly in those based on cast systems such 
as this oneI57.194.200.201.202.204. This has already been discussed extensively in Chapter 5. 
Additionally, it can be seen that the material based on EG/AA exhibits only a very weak 
maximum between 0.5 mn-I < q < 0.75 mn-I, indicating the greater thermodynamic 
compatibility between these soft and hard segments, and, therefore, a smaller difference 
in electron density. 
Figure 6.7: SAXS curves for the series of PURs based on different 
polyadipate and peL soft segments (60% soft segment content) 
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6.8. Tear Strength 
As discussed in Chapters 4 and 5, the values for tear strength differed remarkably 
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depending on several factors, such as the chemical structure of the soft segment, the soft 
segment content, the amount of crystallinity in the soft segment and also the chemical 
structure of the initiator moiety when PCL soft segments were employed. This section 
highlights the differences between PURs based on polyadipate and PCL soft segments 
and the consequences for tear strength. 
Table 6.6 shows the differences between a series of PURs based on polyadipate soft 
segments and one based on PCL soft segments. Both series are based on 60% soft 
segment content. In the case of the polyadipate-based materials, tear strength effectively 
increases with increasing length of the aliphatic chain in the diol segment. This has 
already been discussed in Chapter 4. In the case of the materials based on the different 
PCL soft segments, the tear strength values do not differ strongly and the effect of the 
initiator moiety (as already discussed in Chapter 5) is not pronounced. 
Table 6.6: Comparison of tear strength values for materials based on 
different polyadipate and PCL soft segments 
Sample name Tear Strength I N_m-1 
+1- 15% 
60%EG/AA 68 
60%BDO/AA 62 
60%HDO/AA 80 
60% PCL(BDO) 51 
60% PCL(NPG) 45 
60% PCL(CHDM) 52 
It can be seen, however, that all the PURs based on polyadipate soft segments exhibit 
higher tear strength values than their counterparts based on PCL soft segments. As has 
already been discussed, the even number of carbon atoms is renowned73 for having an 
influence on the crystallisation properties of polyesters. It has also been pointed out that 
the presence of the initiator moiety in the centre of any PCL soft segment is likely to add 
an element of asymmetry to the entire molecule as the two halves of the molecule 
basically mirror each other through the initiator moiety in the centre. 
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The way the tear test is conducted means that there is a great concentration of stress in a 
very small volume of the material. Additionally, the strain rate is rather large (nominal 
200 mm.min- I ). It has been shown by means of WAXD under strain that strain 
crystallisation is actually taking place in the PURs and it has also been shown that there is 
a kinetic influence, i.e. the amount of strain crystallisation increases with decreasing 
strain rates when a conventional tensile test bar (dumbbell shape) is employed. As a 
consequence, it is highly likely that the strain-induced crystallisation kinetics of the 
respective soft segments play a major role when the tear strength values are determined. 
There is also no reason not to believe that the strain-induced crystallisation kinetics are 
not related to the "strain-less" crystallisation kinetics. Many other experiments (DSC, 
DMTA, W AXD, kinetic investigations) which were conducted in this study prove the 
greater likelihood of polyadipate soft segments to crystallise in comparison to the PCL 
soft segments. 
The results listed in Table 6.6 are very similar to those obtained when higher soft 
segment contents (70%, 80%) were employed. However, there is a stronger influence of 
the initiator moiety in the case of PCL soft segments, as has already been discussed in 
Chapter 5. 
6.9. Tensile testing 
There are great differences between the two sets of materials, most notably the 
differences conceming the likelihood of the respective soft segments to crystallise (as 
indicated by DSC, WAXD and DMTA results). Other differences concem the degree of 
intersegmental mixing and morphology (as indicated by the SAXS results) and different 
degrees of order in the hard segment microdomains (as indicated by the DSC results). An 
estimation of the degree of intersegmental mixing was omitted due to the fact that several 
models describing the shift ofT g have been shown to be not valid for this particular set of 
systems, and, secondly, fundamental data such as LlCp values at T g were not readily 
available. All these features can be expected to have some influence on the tensile 
properties of the materials. It is, however, very difficult to single out one feature of the 
material and relate it directly to a property of the material such as tensile strength. The 
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following results are, therefore, to be seen as a comparison between PURs based on two 
different systems. 
40 
30 
10 
o 
Figure 6.8: Comparisoll oJ the tensile testing results Jor the series oJ PURs 
based 011 polyadipate and PCL soft segmellts (60% soft segment) 
--60% PQ(BOO) 
--60% PQ(N"G) 
--60% PQ(OOVI) 
o 
6O%EG'AA 
6O%BCCVAA 
6O%I-CO'AA 
100 400 500 700 
Strain / % 
Figure 6.8 shows the stress-strain curves for a series of polyadipate- and PCL-based 
PURs with a soft segment content of 60%. There are a lot of things which can be seen in 
these stress-strain curves. Firstly, the PURs based on polyadipate soft segments 
invariably exhibit higher Young's moduli. This can be attributed to the higher degree of 
soft segment crystallinity, which has been discussed both above and in Chapters 4 and 5. 
This might also shift the yield strength values upwards (points where the slope of the 
curves decreases noticeably). However, it can also be seen in Figure 6.8 that the shape of 
the stress-strain curves start looking very di fferent at higher strains. In the case of PCL-
based PURs, the slopes of the curves start increasing again, indicating the occurrence of 
strain-induced crystallisation. In the case of polyadipate-based PURs, this increase of 
slope is distinctly less strong. This might be due to several reasons. Firstly, a significant 
proportion of the soft segment in these materials is already crystalline with the crystallites 
presumably randomly oriented. As a consequence, there is less material to crystallise and 
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the remaining amorphous and rubbery soft segment chains are probably also sterically 
hindered by soft segment crystallites or spherulites. The tensile strengths are also higher 
when PCL soft segments are employed. In these cases, mainly anisotropic crystallisation 
occurs and the crystallites are presumably oriented in the direction of the strain. This 
gives these materials a higher strength with the physical network of hard segment 
crosslinks being reinforced by oriented strain-induced crystalli sation. Additionally, it has 
been shown, and discussed above, that the material based on polyadipate soft segments 
presumably have less ordered hard segment microdomains as well which can be expected 
to have a negative effect on the strength of the physical network. Essentially, this 
behaviour is the same for the materials based on 70% soft segment. 
40 
ro 30 
11. 
~ 
-
.<: aJ 
'g> 
~ 
-(fJ 
10 
0 
Figure 6.9: Comparison of the tensile testing results for the series of PURs 
based 0 1/ polyadipate and PCL soft segments (80% soft segment) 
--80% PCL(Boo) 
--80% PCL(NPG) 
--80% PCL(CHDM) 
- - - - 80% EG/AA 
80% BOO/AA 
80% PCL(CHDM) 
/J'/ ,I . 
, 
, ' 
" , 
< 
1; .. _________ 
0 aJO 400 &Xl 
Strain / % 
./ ,/ 
i 
1(0) 
Figure 6.9 shows a similar comparison, but the materials contain more soft segment 
(80%). The influence of soft segment crystallinity on the stress-strain curves is evident. 
The materials based on polyadipate soft segments exhibit a higher Young's modulus and 
a higher yield strength due to the additional network density provided by crystallinity of 
the soft segments. The material based on 80% PCL(BDO) does already have a rather 
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large degree of soft segment crystallinity, therefore modulus and yield strength are 
elevated in comparison to those materials with little (80% PCL(NPG)) or no (80% 
PCL(CHDM) soft segment crystallinity. It can also be seen that at higher strains there is a 
strong increase of the stress-strain curves in the materials based on PCL(NPG) and 
PCL(CHDM), indicating the onset of large scale strain-induced crystallisation. Overall, 
the materials based on polyadipate soft segments exhibit somewhat larger ultimate tensile 
strengths and elongation at break. 
6.10. Conclusions 
a) The most notable difference between the two different soft segment species is the 
remarkably stronger tendency of polyadipates towards crystallisation. This influences 
many properties such as transparency, translucency, hardness, Young's modulus and 
tear strength. 
b) The DMTA curves differ remarkably as well. Strongly pronounced crystallinity in the 
soft segment regions broadens T g, and at higher temperatures 0', G" and tan 0 are 
much more dependent on temperature. 
c) In the case of polyadipate-based PURs, the hard segment microdomains probably have 
assumed a lower degree of order, indicated by a broadening of T2 (DSC) and an 
earlier drop in 0' (DMT A). This is most likely due to kinetic reasons. 
d) Almost no genuine crystallinity of the hard segment microdomains was found in either 
class of materials. This is also most likely due to kinetic reasons, i.e. the processing 
temperatures always below T g of the hard segment. 
e) The crystallisation kinetics of the different classes of materials are also very different. 
Polyadipate soft segments recrystallise in most cases quickly on melting, whereas soft 
segment crystallinity in PCL-based PURs can be removed permanently by means of a 
single heat treatment. 
f) The density of polyadipate-based PURs is remarkably higher when the proportion of 
ester groups is higher (as in the case ofEG/AA and BDO/AA). The influence of soft 
segment crystallinity on density, on the other hand, is relatively small. 
g) SAXS results indicate an entirely different morphology with a second maximum of the 
scattering intensity appearing at very small values of q when PCL soft segments are 
employed. 
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h) Both sets of materials are likely to develop soft segment crystallinity under strain. This 
seems to happen more rapidly when the soft segment phase is initially more 
amorphous. 
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Chapter 7: Conclusions and future work 
7.1. Conclusions 
The properties of all the examined PURs varied with composition. Usually hardness 
increased with decreasing soft segment content, whereas translucency decreased. The 
glass transition temperatures (T g) increase s lightly with increasing soft segment content 
(albei t within experimental error) when detemlined by means of DSC, but are sensitive to 
other features of the material when determined by means of DMTA. Storage modulus 
decreased and tan limax at T g increased when the soft segment content is increased. 
Genuine crystallini ty of hard segment blocks is almost entirely absent in all the materials, 
but W AXD results indicate it is exhibited slightly more strongly when the hard segment 
content is increased. Density decreases with increasing soft segment content, and the 
interdomain spacings determined by means of SAXS increase. As for the tensile 
properties, the materials become more ductile and less brittle when higher soft segment 
contents are employed, indicating a decreasing influence of dipole-dipole interactions and 
hydrogen bonding in the hard segment microdomains. 
One of the most striking features of all the PURs is the tendency of some of them towards 
strongly exhibited soft segment crystallinity, whereas others maintain a completely 
amorphous soft segment phase. Soft segment crystallinity influences a number of 
properties, such as hardness, transparency/translucency, tensile properties and tear 
strength. The properties of materials with a high degree of soft segment crystallini ty are 
more strongly affected by temperature, due to the glass transition being broadened and 
the soft segment crystalline structures eventually melting. Generally, the amount of soft 
segment crystallinity increases with increasing soft segment content. Overall, 
polyadipate-based PURs are much more li kely than PCL-based PURs to exhibit soft 
segment crystallisation, with strong differences in the crystallisation kinetics as well. In 
the case of polyadipate-based PURs, an increasing number of an even number of 
methylene sequences between the ester groups promotes crystallisation, which is in good 
agreement with the literature73 . In the case of PCL-based PURs, soft segment crystallinity 
depends strongly on the stereochemical features of the initiator moiety, especially when 
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higher soft segment contents are employed. 
DSC experiments showed the presence of several endothermic transitions at higher 
temperatures, named T I and T2. These are often mentioned in the literature, but a 
thorough understanding of them has so far been proved elusive. A quenching study was 
conducted by means of DSC to investigate the Tl and T2 processes further and to 
understand them better. It was shown that Tl involves intersegmental mixing, indicated 
by an increase and broadening of T g, which is not in agreement with the results of all 
researchers. Additionally, DMTA results indicate that, from a mechanical point of view, 
Tl is not entirely unlike a glass transition, i.e. an increase of G" and, hence, tan 8. This 
could indicate the presence of an enthalpy relaxation, i.e. the association of glassy hard 
segment blocks and a concurrent relaxation of those small agglomerates, which has been 
found by other researchers. Tl depends on the chemical backbone of the soft segment and 
on the soft segment content. T2 is usually associated with unspecific long-range order 
transitions37,9 1,92 or the onset of intersegmental mixing89,9o, ' 85. The results ofthis study do 
not contradict these findings: substantial softening occurs (as indicated by DMTA), and 
intersegmental mixing increases. It could also be shown that the investigated PUR 
systems to not follow a number of empirical models, such as the Fox equation, the 
Fox/Wood equation or the linear model. 
It could be shown by means of W AXD under strain and tensile testing experiments that 
the investigated PURs develop soft segment crystallinity under strain. This process 
depends on the content and chemical backbone of the soft segment, and it is inferred that 
the process of strain-induced crystallisation is of great importance for the failure 
mechanism of these materials at the very high strain rates occurring in tear tests and 
tensile tests. 
In the case of PCL-based PURs, a study involving different initiator moieties was carried 
out. In spite of initiator moieties making up less than 10% of the entire soft segment, 
there have been profound effects, especially when higher soft segment contents are 
employed. Linear aliphatic groups in the initiator moiety promote crystallisation, whereas 
bulky aliphatic side groups, ether groups or stiff cycloaliphatic rings rather suppress it. 
This leads to a large variety of properties, solely dependent on the chemical nature of the 
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initiator. Tear strength was shown to be the most sensitive property with variations of 
several 100% when 80% soft segment content were employed. Other properties, such as 
Tg, translucency, Young's modulus and hardness are also affected. The TI and T2 
transitions detected by means ofDSe are also sensitive to the soft segment initiator. 
Experiments regarding morphology were undertaken as well for a PUR with a completely 
anlorphous soft segment. Different experimental techniques, such as PFM, TEM and 
SAXS were employed and gave rise to the assumption that a highly complex morphology 
prevails where microphase and macrophase segregation has taken place, not uncommon 
for a PUR based on a fast reacting system. SAXS results indicated very small 
interdomain spacings (10 - 15 nm), whereas PFM results indicate the existence of a larger 
domain structure (50 - 100 nm). TEM and PFM results even indicate the presence of 
large globuli with a size range of 1 - 3 Ilm. It is thought that those materials with 
crystalline soft segment regions have assumed an even more complicated morphology. 
In the case of the polyadipate-based PURs, a smaller study concerning the differences 
resulting from the application of an alternative processing route (one-step process) was 
conducted on the two sets of materials. The amount of crystallinity in the soft segment 
regions increases when a one-step process is employed. This gives rise to the assumption 
that the chain extender initially reacts first with the isocyanate, leading to a higher 
concentration of hard segment blocks in the centre of the polyurethane chains and, 
consequently, to a lower concentration of these blocks in the outer regions of the polymer 
chain. This, in turn, influences other properties such as tensile properties, tear strength 
and the elastic modulus G', in particular when EG/AA is employed as a soft segment, 
which is more compatible with the hard segment, and, therefore, more sensitive to small 
changes in block length distribution. 
7.2. Future work 
Literature suggests that the processing temperature does have a significant influence on 
phase separation, crystallinity of both hard and soft segment and overall morphology. In 
this study, as far as the applied prepolymer process is concerned, only one set of 
experirnental paranleters was employed. It would certainly be interesting to know how 
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different processing parameter affect the properties of these PURs. 
All the employed soft segments had a molecular weight of roughly 2000. The effects of 
different molecular weights would be expected to be significant and would be interesting 
to study in greater detail. 
Literature suggests that odd-numbered polyadipate soft segments do exhibit much less 
soft segment crystallinity. Further elucidation of that would provide further insight into 
the reasons behind soft segment crystallisation. 
Tear strength was shown to be a parameter the significance of which is in doubt because 
of the highly elastic character of the material. A detailed study investigating the tear 
behaviour and the tear mechanism of PURs in a more fundamental way could be 
interesting. It would also be interesting to know how strong the influence of strain 
crystallisation on tear behaviour is. 
The morphology of the investigated PURs was shown to be highly complex. This is in 
good agreement with other researchers' findings yet needs more elucidation as only a 
small number of materials were investigated. 
Strain-induced crystallisation was shown to occur and is probably highly influential for 
material properties when a high strain rate or elongation is employed (such as tear 
strength or ultimate tensile strength). The employed methods here do not allow for 
quantitative or kinetic studies on this subject, which would be helpful in elucidating this 
phenomenon further. 
SAXS results indicated the presence of a domain structure with a size of ca. 100nm for 
the PURs based on the PCL soft segments. These results were confirmed by means of 
AFM, but the resolution of the SAXS equipment used in this study is limited. These 
experiments could be repeated using a synchrotron radiation source. 
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